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INTRODUCTION 


The  TSPY  gene  is  a  tandemly  repeated  gene  on  the  short  arm  of  the  human  Y  chromosome 
[I].  Genetic  mapping  and  complete  sequencing  of  the  human  Y  chromosome  demonstrated  that 
TSPY  is  located  in  the  critical  region  harboring  the  only  oncogenic  or  tumor-promoting  locus, 
termed  gonadoblastoma  on  Y  (GBY),  on  this  male-specific  chromosome  [2-4].  GBY  is  postulated 
to  serve  a  normal  function(s)  in  the  testis,  but  predisposes  a  dysgenetic  gonad  to  gonadoblastoma 
development.  Gonadoblastoma  are  benign  germ  cell  tumors  that  develop  most  frequently  in  XY 
sex-reversed  and  intersex  patients  and  men  with  testis  dysgenesis  [5,  6].  Gonadoblastoma,  and  the 
testicular  carcinoma-in-situ  (CIS)  or  intratubular  germ  cell  neoplasia  unclassified  (ITGCNU)  are 
considered  to  be  premalignant  precursors  for  germ  cell  tumors  [7].  Mapping  of  TSPY  to  the  critical 
region  of  GBY,  therefore,  presented  TSPY  as  a  candidate  for  this  oncogenic  locus.  The  TSPY 
tandem  arrays  constitute  the  most  homogenously  repeated  coding  sequences  in  the  human  genome 
and  occupy  from  0.4- 1.0  MB  of  DNA  on  the  human  Y  chromosome  [8,  9].  They  are  also  hot  spots 
for  genomic  instability  (with  wide  copy  number  variation  among  individuals)  [9,  10]  and  epigenetic 
dysregulation  (ectopically  expressed  in  a  variety  of  tumors,  including  various  types  of  germ  cell 
tumors  and  prostate  cancer,  and  other  somatic  tumors,  i.e.  brain,  skin  and  liver  of  male  origin)  [11- 
15].  TSPY  serves  vital  functions  in  male  stem  germ  cell  renewal  and  meiotic  division  in  the  testis. 
When  it  is  aberrantly  expressed  in  tissues,  such  as  the  epithelial  cells  of  the  prostate,  incapable  of 
entering  spermatogenesis,  it  exerts  an  oncogenic  or  tumor  promoting  effects,  and  in  collaboration 
with  other  oncogenic  events,  leading  to  oncogenesis.  The  majority  of  our  efforts  in  the  project  were 
focused  on  the  two  specific  aims  proposed  in  the  original  application. 

BODY 

TASK  1.  TO  IDENTIFY  THE  ONCOGENIC  AND/OR  TUMOR  PROMOTING  PROPERTIES  OF 
TSPY 

A.  TSPY  Expression  in  Tumor  Tissues,  including  Prostate  Cancer 

a)  Expression  of  TSPY  in  Gonadoblastoma  (Reprint  6) 

TSPY  is  a  candidate  gene  for  the  GBY  locus  on  the  human  Y  chromosome.  To  establish  its 
potential  involvement  in  gonadoblastoma,  we  had  examined  its  expression  in  several 
gonadoblastoma  specimens  form  intersex,  sex-reversed  patients  and  men  with  dysfunctional  testes, 
using  immunostaining  techniques.  Our  studies,  collectively,  demonstrate  that  TSPY  is  expressed  in 
early  and  late  stages  of  gonadoblastoma.  It  is  co-expressed  with  numerous  germ  cell  tumor 
markers,  including  OCT4,  PEAP,  and  c-KIT  and  the  proliferative  marker,  Ki-67,  in  the  same  tumor 
germ  cells  of  these  specimens.  Significantly,  TSPY  could  be  used  as  a  marker  during  the  entire 
course  of  germ  cell  tumorigenesis,  including  early  to  late  stages  of  gonadoblastoma  development 
[16,  17].  These  results  demonstrate  that  TSPY  could  indeed  be  involved  in  the  initiation  (and 
predisposition)  of  germ  cells  to  tumorigenesis. 

b)  TSPY  is  expressed  in  the  premalignant  precursor,  CIS,  and  seminoma  of  testicular  germ  cell 
tumors  (Reprints  6,  7) 

As  discussed  before,  gonadoblastoma  and  testicular  CIS  share  significant  similar  properties 
and  are  precursors  for  malignant  germ  cell  tumors.  To  explore  the  possibility  that  this  GBY 
candidate  gene  is  also  involved  in  the  germ  cell  tumorigenesis  in  testicular  germ  cell  tumors,  we 
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have  examined  its  expression  in  various  types  of  testicular  germ  cell  tumors,  including  CIS, 
seminomas  and  nonseminomas  (i.e.  embryonal  carcinoma,  yolk  sac  tumors,  and  intracranial  germ 
cell  tumors.  Our  results  demonstrate  that  TSPY  is  preferentially  expressed  in  the  precursor,  CIS, 
seminomas  and  intracranial  germ  cell  tumors  of  male  origin,  but  not  abundantly  in  nonseminomas 
(including  embryonal  carcinoma,  yolk  sac  tumors  and  teratoma).  These  results  are  significant, 
suggesting  that  TSPY  could  participate  in  the  early  events  of  germ  cell  tumorigenesis,  could  exert 
its  oncogenic  effects  seminoma  (along  the  germ  line  phenotype),  but  could  be  less  important  when 
the  germ  cell  tumors  evolve  into  a  more  multipotent  states  of  nonseminomas. 

Using  microarray  expression  analysis,  we  demonstrate  that  ectopic  expression  of  TSPY  up 
regulates  genes  located  at  the  short  arm  of  chromosome  12,  which  are  frequently  amplified  in 
testicular  germ  cell  tumors  and  have  been  postulated  to  be  involved  in  germ  cell  tumorigenesis. 
These  findings  further  suggest  that  TSPY  could  directly  or  indirectly  participate  in  the  regulation  of 
genes  important  for  germ  cell  tumorigenesis. 

c)  Expression  of  TSPY  in  Human  Prostate  Cancer  (Reprint  1) 

Previously,  we  have  investigated  the  role  of  the  Y  chromosome  in  prostate  cancer  by 
examining  the  expression  of  31  Y  chromosome  genes  in  prostate  cancer  of  various  degrees  of 
malignancy  and  prostatic  cell  lines  [13].  The  results  from  this  initial  survey  identified  the  TSPY 
gene  to  be  a  strong  candidate  gene  from  the  male-specific  chromosome  that  could  potentially 
contribute  to  prostatic  oncogenesis.  TSPY  was  expressed  at  heterogeneous  levels  in  prostatic 
samples  of  various  degrees  of  malignancy.  Its  expression  could  be  stimulated  by  androgen  in  the 
prostatic  cell  line,  LNCaP. 

We  further  studied  the  TSPY  expression  by  in  situ  mRNA  hybridization  and 
immunostaining  on  prostatic  sections  from  11  patients  suffering  from  prostate  cancer  of  various 
Gleason  grades  [12].  Both  RNA  and  protein  studies  corroborated  with  each  others,  demonstrate  a 

Prostate  Adenoeardnonia,  Clinical  Stat;ing 


Figure  1.  Immunostaining  of  BPH  and  various  grades  of  prostate  adenocareinoma  with  TSPY  antibody  in  a  tis¬ 
sue  arra\-  consisting  of  63  samples.  A-D  show  samples  of  BPH,  grade  I,  II,  and  III  prostate  adenocarcinoma, 
boxed  areas  are  represented  in  E-H  respectively.  I  show  s  the  rclativcK  immunostaining  intensity  of  TSPY  in 
these  samples.  Grade  I  =  well  difTcrentiated.  Gleason  score  6  or  less;  11  =  intemiediatc.  Gleason  ~  7;  111  =  high 
grade,  Gleason  >  8. 

low-level  expression  of  TSPY  gene  in  morphologically  normal  epithelia,  an  elevated  level  in 
hyperplastic  and  cancer  epithelia  of  low  Gleason  grades  and  the  highest  levels  on  cancer  cells  of 
high  Gleason  grades.  Hence,  there  is  a  parallel  increase  in  TSPY  expression  with  malignancy  in 
prostate  cancer. 

Recently,  we  had  performed  a  similar  immunostaining  study  on  a  tissue  array  consisting  of 
63  specimens  of  BPH  and  prostate  cancer  of  various  clinical  stages  (i.e.  I,  II  and  III).  The  intensity 
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of  TSPY  was  scored  on  an  arbitrary  scale  of  1  to  5,  i.e.  light  to  intense  staining  (Figure  1).  Our 
results  clearly  confirm  those  of  previous  studies,  establishing  the  fact  that  TSPY  expression 

PSA  and  TSPY  Expression 

80 

80 

40 


Figure  2.  TSPY  expression  in  A)  early  eaneerous  epithelia  (RNA  hybridization),  B)  20 
latent  eaneer,  C)  nomial  epithelia  adjaeent  to  clinieal  eaneer  areas  (inimunostaining  in  B, 

C).  D)  Correlation  of  TSPY  expression  in  prostate  eaneer  with  PSA  serum  levels  in 
patients.  Statistical  analysis  with  Mann-Whitney  U  test  shows  a  significant  correlation 
between  TSPY  expression  and  elevated  PSA  scrum  levels  in  patients.  ^ 

increases  with  the  degree  of  malignancy  among  these  prostate  cancer  samples. 

In  collaboration  with  Drs.  Shingo  Hatakeyama  and  Chikara  Ohyama,  Hirosaki  University, 
we  have  conducted  a  more  comprehensive  study  of  >80  specimens,  including  various  latent  cancers 
from  elderly  patients  with  bladder,  but  not  prostate,  cancer.  Our  results  demonstrate  that  TSPY 
expression  is  detected  in  early  stages  (Figure  2A)  and  increases  with  increasing  clinical  stages  of 
prostate  cancer,  as  observed  before.  Selected  normal  epithelia  adjacent  to  cancer  areas  also  showed 
positive  TSPY  expression  (Figure  2C).  Statistical  analysis  showed  that  there  is  a  significant 
association  of  TSPY  expression  in  clinical  prostate  cancer  with  elevated  PSA  serum  levels  in  the 
corresponding  patients  (Figure  2D).  Significantly,  latent  cancers  in  prostates  of  patients  suffering 
from  other  diseases  also  showed  TSPY  expression  at  moderate  to  high  levels  (Figure  2B). 

The  results  are  important.  They  confirm  our  previous  findings  on  TSPY  expression  in 
prostate  cancer  and  further  demonstrate  TSPY  expression  could  also  be  observed  in  phenotypically 
normal  epithelia,  adjacent  to  cancerous  lesions,  and  in  latent  prostatic  cancer  foci  of  patients  who  do 
not  show  any  symptoms  of  clinical  prostate  cancer.  Collectively,  these  results  are  parallel  with 
those  gonadoblastoma,  CIS  and  testicular  germ  cell  tumors,  i.e.  TSPY  could  be  expressed  in 
premalignant  forms  of  prostate  cancer  and  hence  could  be  involved  in  the  initiation  and/or  early 
stages  of  prostate  cancer  development. 

B.  Functions  of  TSPY  in  Health  and  Diseases 
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a)  TSPY  Expression  in  Fetal  and  Adult  Testis  (Reprints  3,  5,  8) 

The  human  TSPY  gene  is  expressed  in  fetal,  neonate  and  adult  testes  [1,  18,  19],  primarily 
located  in  prespermatogonial  cells  of  fetal,  as  early  as  15  week  gestation  (earliest  stage  examined), 
and  neonate  testes,  parallel  to  several  germ  cell  markers,  i.e.  placental/germ  cell  alkaline 
phosphatase  (PLAP),  the  stem  cell  factor  receptor,  c-KIT,  and  the  transcriptional  regulator  and 
marker  of  pluripotency,  OCT4,  associated  with  both  normal  immature  and  malignant  cells  in 
CIS/ITGCN  [18].  In  adult,  TSPY  is  expressed  most  abundantly  in  spermatogonia  and  round 
spermatids.  The  embryonic  expression  of  TSPY  is  significant  because  germ  cell  tumors  are 
postulated  to  have  their  origins  in  primordial  or  early  embryonic  germ  cells  that  have 
acquired/primed  with  mutational  events,  e.g.  inappropriate  expression  of  certain  growth  regulatory 
genes,  during  their  differentiation,  leading  to  development  of  germ  cell  tumors  later  in  life  [20]. 
Hence,  its  embryonic  expression  in  early  germ  cells  raises  the  possibility  that  it  might  play  a  role  in 
the  early  predisposition  event(s)  in  TGCTs. 
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The  rat  harbors  a  single  functional  Tspy  gene  on  its  Y-chromosome,  the  human  and  rat  genes 
differ  in  their  expression  patterns,  suggesting  that  they  might  serve  different  or  variant  functions  in 
the  testis.  Transcripts  of  rTspy  were  first  detected  in  the  testis  of  28  days  old  rats,  at  which  time  the 
first  wave  of  meiotic  division  was  occurring.  The  rTspy  protein  was  initially  detected  in  stage-9 
elongating  spermatids  and  peaked  at  stage- 13  spermatids  in  adult  testis,  but  not  in  spermatogonia, 
unlike  the  expression  pattern  of  the  human  TSPY  gene.  Using  a  GST  pull-down  assay,  we 
demonstrated  that  rTspy  could  bind  to  the  core  histones  H2A,  H2B,  H3  and  H4.  Rat  Tspy  co¬ 
localized  with  the  histones  in  the  cytoplasm  of  selected  elongated  spermatids.  Our  results  suggest 
that  the  rTspy  may  play  critical  roles  as  a  histone  chaperone  during  maturation  of  the  elongating 
spermatids  in  the  rat  testis. 

b)  Existence  of  Polymorphic  Human  TSPY  Proteins  (Reprints  1,  8) 

Studies  in  both  our  laboratory  and  that  of  Jorg  Schmidtke  demonstrated  three  specific  types 
of  transcripts  from  the  tandem  repeats  of  the  TSPY  gene  [1,  19,  21].  The  predominant  transcript, 
designated  as  type  1  transcript,  encodes  a  protein  of  308  amino  acids  [12].  All  other  types  of 
transcript  encode  slightly  polymorphic  TSPY  proteins  that  harbor  a  conserved  (SET/NAP)  domain 
homologous  to  that  shared  by  other  cyclin  B  binding  proteins  [12]. 

To  determine  which  types  of  TSPY  transcript  exist  in  normal  and  cancerous  tissues,  we  have 
recently  examined  the  transcript  populations  of  TSPY  in  normal  and  tumor  samples  of  prostate  and 
testis  (38).  Our  results  showed  that  3  types  of  alternative  processing  of  the  TSPY  transcripts 
involving  the  first  exon  in  which  a  cryptic  donor  site  at  sequence  immediately  following  amino  acid 
residue  #29  is  used  to  splice  into  three  different  acceptor  sites  within  exon  1  and  exon  2.  The  first 
two  variants  splice  into  sequence  preceding  amino  residue  #118  and  #135  respectively  in  exon  1 
while  the  third  one  splices  into  that  preceding  amino  residue  #170  in  exon  2.  These  cryptic  RNA 
splices  result  in  in-frame  deletions  of  93,  1 10  and  145  amino  acids  from  their  respective  ORFs,  and 
are  designated  as  variant  ExonlA  (H71),  ExonlB  (H104)  and  ExonlC  (H109)  respectively.  Other 
variant  transcripts  skip  off  the  small  introns,  3  and/or  4,  in  the  RNA  processing,  resulting  in  altered 
reading  frames  beyond  the  additional  sequences  from  the  intron(s)  and  slightly  different  proteins  at 
the  carboxyl  ends.  These  latter  types  are  relatively  rare.  All  encoded  proteins,  however,  harbor  a 
whole  or  partial  SET/NAP  domain  in  their  respective  ORFs.  The  shortened  versions  (e.g.  ExonlA, 
ExonlB  and  ExonlC)  were  more  prevalent  in  the  mostly  cancerous  prostatic  samples  than  the 
normal  samples.  These  observations  could  be  significant  if  the  respective  TSPY  isoforms  serve 
different/variable  biological  functions. 

c)  Over-expression  of  TSPY  Potentiates  Cell  Proliferation  and  Shortening  ofGi/M  (Reprint  4) 

As  discussed  above,  many  of  the  cyclin  B  binding  proteins  are  involved  in  cell  cycle 
regulation.  We  postulate  that  TSPY  interacts  with  type  B  cyclins  and  exerts  regulatory  functions  in 
male  germ  cell  proliferation  and  meiotic  division  in  the  testis  [11,  19].  When  it  is  aberrantly 
expressed  in  dysgenetic  germ  cells  (as  in  streaked  gonads  of  XY  females  and  testicular  dysgenesis 
syndrome)  and  epithelial  cells  in  prostate  incapable  of  entering  male  meiosis,  it  may  potentiate  a 
somatic  cell  proliferation,  contributing  to  the  multi-step  oncogenic  process(es).  To  examine  this 
possibility,  we  have  utilized  the  Tet-Off  transactivation  system  [22]  to  manipulate  the  expression  of 
a  transfected  TSPY  gene  in  cultured  HeLa  and  NIH3T3  cells.  HeLa  cells  are  human  female  cells 
(without  the  Y  chromosome)  while  NIH3T3  cells  are  mouse  cells  whose  Tspy  gene  is  non¬ 
functional  [23,  24].  In  this  system,  both  HeLa  and  NIH3T3  cells  harbor  a  constitutively  expressed 
transactivator  gene  (CMV-tTA)  that  can  transactivate  a  responder  gene,  consisting  of  a  responsive 
promoter  and  a  bicistronic  construct  (TIG-TSPY)  coding  for  both  TSPY  and  the  green  fluorescent 
protein  (EGFP).  In  the  presence  of  doxycycline,  such  transactivation  is  abolished  thereby  repressing 


7 


TSPY  and  EGFP  expression.  Hence,  one  can  compare  the  effects  of  over-expression  of  the  target 
genes  between  two  identical  cell  populations  cultured  in  the  absence  or  presence  of  the  antibiotic. 

Cells  transfected  with  a  functional  TIG-TSPY  construct  and  cultured  in  selective  media 
without  doxycycline  gave  consistently  higher  a  number  of  colonies  than  that  of  the  same  cells 
selected  with  media  containing  doxycycline  while  the  vector  alone  did  not  show  such  effect. 
Although  preliminary  in  nature,  under  identical  conditions  the  abbreviated  forms  of  TSPY  (i.e. 
ExonlA-H71  and  Exon  IC-H 109)  showed  higher  transfection  efficiencies  than  those  with  full- 
length  proteins  (i.e.  Type  1  &  2).  Conversely,  those  harboring  truncated  carboxyl  termini  of  the 
protein,  due  to  skipping  of  introns  3  (H80)  or  4  (H30),  gave  relatively  lower  transfection 
efficiencies.  The  latter  forms  of  TSPY  harbor  only  partial  SET  domain.  Significantly,  transfection 
of  TSPX  gene  in  the  same  vector  resulted  in  much  lower  colonies  when  the  TSPX  transgene  was 
expressed  than  when  it  was  repressed.  Previous  studies  demonstrated  that  over-expression  of  TSPX 
[25],  as  well  as  SET  [26],  in  cultured  cells  arrested  cell  growth,  primarily  at  G2/M  stage  [25,  26]. 

Cell  proliferation  studies  demonstrated  that  both  HeEa  and  NIH3T3  cells  had  30-40%  higher 
proliferative  activities  than  repressed  cells,  parental  cells  and  cells  transfected  with  vector  alone. 
Hence,  over-expression  of  TSPY  potentiates  cell  proliferation  in  vitro.  Flow  cytometry  analysis 
revealed  that  there  were  fewer  cells  at  G2/M  stage  when  TSPY  was  highly  expressed  than  when  it 
was  repressed.  Cells  released  from  synchronization  at  Gi/S  boundary  progressed  through  the  cell 
cycle  faster,  i.e.  reaching  G2/M  and  Gi  stages  faster,  when  TSPY  is  expressed  at  high  levels  than 
those  with  repressed  TSPY  transgene.  Hence,  TSPY  might  mediate  a  rapid  transition  through  G2/M 
(and  perhaps  Gi  phases),  thereby  shortening  duration  of  the  cell  cycle  for  the  over-expressor  cells. 
These  results  suggest  that  TSPY  possesses  contrary  properties  in  cell  cycle  regulation  with  those  of 
TSPX  that,  when  over-expressed,  arrests  cells  at  G2/M  stage  [25].  Such  rapid  transition  through 
G2/M  could  increase  genomic  instability  and  mutations  of  the  cells,  since  less  time  is  available  for 
proper  chromatin  packaging  and  activation  of  G2/M  checkpoints,  essential  for  proper  DNA  repair 
and  mitotic  division. 

d)  TSPY  Up-regulates  Pro-growth  Genes  and  Represses  Inhibitors  for  Cell  Proliferation  (Reprint  4) 
To  determine  the  effects  of  TSPY  over-expression  in  the  transcription  profiles  of  HeEa  cells, 
we  have  collaborated  with  Drs.  Wai-Yee  Chan  and  Tin-Eap  Fee,  Eaboratory  of  Clinical  Genomics, 
National  Institute  of  Child  Health  and  Human  Development,  NIH  in  analyzing  the  gene 
transcription  profiles  of  HeEa  cell  populations  harboring  either  a  stably  integrated  TIG-TSPY  or 
TIG  vector  alone  using  the  Affymetrix  Human  GeneChip  microarray  (U133  plus  2.0).  The  chip 
contains  over  47,000  transcripts  and  variants,  including  38,500  well-characterized  human  genes. 
The  experiments  were  conducted  with  2  samplings  of  the  respective  cell  populations.  To  obtain  both 
expression  and  functional  alterations  conferred  by  TSPY,  genes  differentially  expressed  in  the  HeEa 
cells  harboring  the  TSPY  transgene  were  first  analyzed  by  the  Significance  Analysis  of  Microarrays 
and  exported  with  SAMSTER  to  CEUSTER  and  TREEVIEW  programs  [27-29].  The  biological 
functions  of  the  differentially  expressed  genes  were  then  analyzed  with  the  Gene  Ontology  Tree 
Machine  (GOTM)  program  [30].  Our  results  showed  that  TSPY  and  a  limited  number  of  genes 
were  differentially  expressed  in  the  two  cell  populations.  TSPY  was  expressed  at  the  highest  level 
while  others  were  consistently  affected  at  modest  levels.  These  findings  were  consistent  with  the 
fact  that  the  two  HeEa  cell  populations  were  almost  identical,  except  the  high  TSPY  expression  in 
one  and  not  the  other.  The  GOTM  program  identified  cell  cycle  regulation  ad  the  biological  process 
whose  genes  were  consistently  altered  in  cells  with  constitutive  TSPY  expression.  Table  1  lists  25 
cell  cycle  related  genes  whose  expression  was  either  up-  or  down-regulated  by  over-expression  of 
TSPY.  Among  the  up-regulated  genes  were  several  oncogenes  (epidermal  growth  factor  receptor 
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(ERBB),  and  members  of  the  WNT  and  RAS  oneogenes),  growth  faetors  (PDGFC,  EGF-related, 
ANKRD15,  RGC32,  NANOSl),  cyelin  D2,  and  a  eo-faetor  for  the  hypoxia  inducible  factor  lA 
(EP300),  an  apoptosis  inhibitor  (GSPTl)  and  an  antigen  (CD24)  highly  expressed  in  small  cell  lung 
carcinoma.  The  down-regulated  genes  included  an  inhibitor  for  CDK4/CDK6,  transforming  growth 
factor  (33,  a  pro-apoptotic  factor  (IGFB3),  and  an  inhibitor  of  MAP  kinases  (dual  specificity 
phosphatase  5).  In  particular,  the  CCND2  gene  (encoding  cyelin  D2)  resides  on  chromosome  12p 
that  is  frequently  amplified  and  expressed  at  high  levels  in  TGCTs.  Cyelin  D2  complexes  with 
CDK4  or  CDK6  to  mediate  Gl/S  transition  and  promote  cell  proliferation.  CCND2  (cyelin  D2)  was 
up  regulated  in  the  HeEa  cells  over-expressing  TSPY.  Conversely,  CDKN2B  encodes  an  inhibitor 
(INK4B)  of  cyelin  D2  activities  by  acting  on  CDK4  and  CDK6.  It  was  down  regulated  in  the  same 
cells.  Foss  of  INK4  kinase  inhibitors  has  been  postulated  to  be  important  for  progression  from  CIS 
to  invasive  germ  cell  tumors  [7,  31]. 

To  validate  the  microarray  data,  we  had  selected  4  up-regulated  (RGC32,  PDGFC,  WNT5A 
and  CCND2)  and  4  down-regulated  (CFUl,  IGFBP3,  TIMPl  and  SPARC)  genes  and  performed 
quantitative  RT-PCR  analysis  with  specific  primers  from  the  respective  cDNA  sequences  using  the 
ABI-7900HT  real  time  PCR  machine.  Our  results  confirmed  the  up-regulation  of  the  RGC32, 
PDGFC,  WNT5A  and  CCND2  genes  and  down-regulation  of  the  CFUl,  IGFBP3,  TIMPl  and 
SPARC  genes  in  HeFa  cells  over-expressing  TSPY  as  compared  those  cells  harboring  the  vector 
alone.  Although  the  relative  ratios  of  up  and  down  regulation  of  the  respective  genes  seem  to  be 
higher  by  quantitative  RT-PCR  analysis,  these  observations  support  the  notion  that  over-expression 
of  TSPY  up-regulates  pro-growth  genes  and  represses  inhibitors  for  cell  proliferation. 

e)  Over-expression  of  TSPY  promotes  tumor  growth  in  nude  mice  (Reprint  4) 

The  in  vivo  effects  of  TSPY  expression  were  studied  by  tumorigenicity  assays  in  nude  mice. 
Both  HeFa  and  NIH3T3  cell  clones  harboring  either  the  bicistronic  responder  gene  (TIG-TSPY)  or 
the  vector  (TIG)  alone  were  inoculated  subcutaneously  on  the  flanks  of  nude  mice.  Other  animals 
were  inoculated  with  the  parental  cells  alone.  They  were  fed  either  with  or  without  doxycycline  in 
their  drinking  water.  Six  animals  were  used  for  each  criteria  point.  Tumor  sizes  were  measured 
weekly  for  7  weeks.  Results  showed  that  tumors  grew  significantly  faster  in  nude  mice  inoculated 
with  HeFa  Tet-Off  cells  harboring  an  over-expressed  TSPY  gene  than  in  those  harboring  the  vector 
alone  (including  EGFP).  Nude  mice  harboring  the  same  HeFa  cells  whose  TSPY  gene  is  repressed 
by  feeding  doxycycline-containing  drinking  water  showed  the  same  rate  of  tumor  growth  as  those  in 
hosts  inoculated  with  HeFa  cells  transfected  with  vector  alone  or  the  parental  cells.  Significantly, 
the  NIH3T3  Tet-Off  cells  are  not  tumor  cells.  Under  normal  conditions,  no  tumor  should  result 
from  such  inoculation.  Mice  inoculated  with  NIH3T3  cells  over-expressing  a  TSPY  gene,  small 
tumors  were  observed  in  5  of  the  6  mice  in  this  group  fed  with  normal  drinking  water.  Results  from 
this  study  suggest  that  over-expression  of  TSPY  potentiates  cell  proliferation  and  promotes  tumor 
growth  in  nude  mice. 

f)  TSPY  Binds  to  Type  B  Cyclins  through  its  SET/NAP  Domain 

TSPY  harbors  the  SET/NAP  domain  present  in  numerous  cyelin  B  binding  proteins, 
involved  in  cell  cycle  regulation.  Its  effects  on  cell  cycle  progression  suggest  that  such  cyelin  B 
binding  domain  might  indeed  play  a  role  in  its  function.  To  confirm  its  cyelin  B  binding  properties, 
we  performed  various  pull-down  assays  with  GST-fusion  baits  and  in  vitro  transcribed  and 
translated  proteins.  Initial  analysis  showed  that  S-labeled  full-length  TSPY  and  abbreviated 
isoforms  were  pulled  down  with  similar  efficiency  by  a  bait  of  GST-human  cyelin  B1  protein 
(Figure  3A),  but  not  those  with  cyelin  A  or  GST  alone.  To  identify  the  specific  domain(s)  of  TSPY 
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that  interact  with  cyclin  Bl,  various  deletion  mutants  were  generated  (Figure  3B  and  C)  and  used 
for  syntheses  and  labeling  of  various  truncated  TSPY  proteins.  GST  pull-down  assays  with  GST- 
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Figure  3.  Interactive  studies  of  TSPY  and  c\clin  Bl.  A)  Full-length  and  variant  Exon  lA  and  1C  were  labeled  by 
in  vitro  transcription-translation  reactions  and  analyzed  with  pull-down  assa\s  using  GST  or  GST-c\clin  Bl 
fusion  proteins  as  baits.  All  isofomis  of  TSPY  interacted  with  GST-cyclin  Bl  fusion  protein,  but  not  GST  alone. 
l=input;  2=GST;  3=GST-cyclin  Bl  fusion  protein.  To  map  the  cyclin  Bl  binding  domain  in  various  TSPY  dele¬ 
tion  mutants  were  generated  (B  and  C)  and  anab  zed  similarly  with  the  pull-down  assays  (lanes  a  to  h  in  (D)  and 
lanes  i  to  I  in  (E).  These  initial  studies  mapped  the  cyclin  B  interactive  domains  to  residue  #120-228  at  the 
SET/NAP  domain  of  the  TSPY  full-length  protein.  To  further  define  the  cyclin  B  binding  domains,  specific 
peptides  were  synthesized  and  conjugated  to  Sepharose  4B  and  analyzed  with  TnT  labeled  cyclin  Bl  protein  (F). 
Tliis  later  study  defined  two  domains,  residues  #165-180  and  #204-220,  of  the  TSPY  protein  to  be  responsible 
interacting  with  cyclin  Bl.  G)  Immuno-prccipitation  of  TSPY-transfcctcd  HcLa  cell  bsatc  with  c\clin  Bl  and 
control  antibodies,  and  western  blot  with  TSPY  (top  panel)  and  c\clin  Bl  (lower  panel)  antibodies.  TSPY  inter¬ 
acts  with  cyclin  B 1  in  vivo  and  is  co-immunoprccitatcd  with  cyclin  B  from  the  HcLa  cells  transfected  with  a 
TSPY  transgenc. 


cyclin  Bl  bait  narrowed  the  cyclin  B  binding  domain  to  residue  #120-228  within  the  SET/NAP 
domain  (Figure  3C-E).  To  further  define  these  domains,  various  peptides  corresponding  to  this 
region  were  synthesized  and  conjugated  to  CNBr- activated  Sepharose  4B  and  used  as  baits  in  pull¬ 
down  assays  with  in  vitro  labeled  human  cyclin  Bl.  This  study  further  mapped  the  cyclin  B  binding 
domains  to  two  regions  at  residue  #165-180  and  #204-220  (Figure  3F).  To  confirm  the  in  vivo 
interaction  of  TSPY -cyclin  Bl,  HeEa  cells  expressing  a  TSPY  transgene  were  immunoprecipitated 
with  a  human  cyclin  Bl  monoclonal  antibody  and  analyzed  with  a  TSPY  polyclonal  antibody.  The 
results  showed  that  TSPY  was  efficiently  co-IP  with  the  cyclin  Bl  antibody.  Reprobing  the  filter 
with  a  cyclin  B 1  antibody  confirmed  that  cyclin  B 1  was  indeed  enriched  in  the  immunoprecipitated 
sample,  but  not  with  a  control  antibody  (Figure  3G),  confirming  that  TSPY  indeed  interacts  in  vivo 
with  cyclin  Bl  in  the  HeFa  cells. 
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g)  TSPY Interaction  Enhances  the  Phosphorylation  Activities  ofCyclin  B-CDKl  Complex 

Previous  studies  of  TSPX  (CDAl)  gene  suggests  that  two  specific  CDKl  phosphorylation 
sites  present  at  its  protein  are  responsible  for  its  effects  on  arresting  cells  at  G2/M  stage  when  it  is 

over  expressed  [25].  Since  one  of  these 
phosphorylation  sites  is  conserved  in 
TSPY  (at  the  threonine  residue  #233) 
and  TSPY  possesses  contrasting 
properties  to  those  of  TSPX,  it  will  be 
important  to  determine  if  TSPY  can  be 
phosphorylated  by  a  cyclin  Bl-CDKl 
complex  and  what  effects  TSPY 
binding  to  cyclin  B  might  have  on 
CKDl  kinase  activities.  Using  a 
phosphorylation  assay,  we 

demonstrated  that  TSPY  was  indeed 
phosphorylated  by  an  activated  human 
cyclin  Bl-CDKl  complex  (CalBiochem 
Inc.)  in  the  presence  of  ^^P-y-ATP 
(Figure  4A).  The  efficiency  of 
phosphorylation  on  TSPY,  however,  was  about  8-10  folds  slower  than  that  of  cyclin  Bl-CDKl  on 
histone  HI.  To  determine  the  effects  a  TSPY  interaction  on  cyclin  Bl-CDKl  activities,  the 
phosphorylation  of  histone  HI  was  analyzed  similarly  in  the  presence  of  increasing  amount  of 
TSPY.  The  results  showed  that  addition  of  TSPY  in  the  reaction  mixtures  increased  the  kinase 
activities  of  the  cyclin  Bl-CDKl  complex  (Figure  4B).  These  findings  suggest  that  TSPY  might 
exert  its  pro-growth  effects  by  interacting  with  type  B  (mitotic  and  meiotic)  cyclins  and  enhancing 
the  cyclin  B-CDKl  kinase  activities.  Since  cyclin  B  must  execute  various  critical  functions, 
including  interaction  and  activation  of  CDKl  and  CDK2  and  phosphorylation  of  target  proteins,  in 
mediating  the  transition  of  the  cell  through  C2/M  phase,  the  TSPY  enhancement  of  such  activities, 
therefore,  might  expedite  such  cyclin  B  functions,  resulting  in  a  shortening  of  the  C2/M  phase,  as 
observed  in  HeLa  cells  over-expressing  a  TSPY  transgene.  Hence,  aberrant  TSPY  expression  in  the 
prostate  might  exert  a  similar  pro-proliferation  and/or  oncogenic  function  in  the  epithelial  cells. 

h)  Identification  of  the  eukaryotic  protein  elongation  factor  1  alpha  1  (eEFlAl)  as  an  interactive 
partner  for  TSPY 

To  elucidate  the  molecular  mechanism(s)  responsible  for  TSPY  functions,  we  have 
performed  a  yeast  two-hybrid  screen  of  a  mouse  fetal  gonadal  cDNA  library  using  the  TSPY 
SET/NAP  domain  as  bait.  Forty  clones  out  of  130  well-grown  blue  colonies  were  randomly 
selected  for  DNA  sequencing.  One  of  these  clones  encodes  the  C-terminus  region  (residues  305- 
462)  of  eEFlAl,  the  eukaryotic  protein  elongation  factor  1  alpha  1.  Eurther  analysis  of  all  130 
colonies  by  PCR  showed  that  4  out  of  130  colonies  harbored  the  eEElAl  cDNA.  AH109  yeast 
cells  transformed  with  either  pCBKT7-TSPY[151-308]  or  pGADT7-full  length  eEElAl  showed 
negative  growth  on  selection  medium  (data  not  shown).  eEElAl  is  one  of  two  isoforms  (eEElAl 
and  eEElA2)  of  translation  elongation  factor  alpha  (eEElA).  eEElAl  is  ubiquitously  expressed 
while  eEElA2  is  differentially  expressed  primarily  in  postnatal  stages  [32].  eEElAs  are  mostly 
localized  in  cytoplasm  and  play  significant  roles  in  recruit  of  tRNA  in  protein  synthesis  and  nuclear 
export  [33,  34]. 


B 


Histone  H1 


Figure  4.  TSPY  interacts  with  cyclin  Bl  and  enhances  the 
cyclin  Bl-CDKl  kinase  activities.  A)  TSPY  was 
phosphorylated  by  a  cyclin  Bl-CDKl  complex,  abide  ~l() 
folds  slower  than  that  of  histone  HI.  B)  Tlic  phosphorylation 
of  histone  HI  was  enhanced  proportionally  with  addition  of 
TSPY  proteins  in  the  kinase  reactions,  while  TSPY  was  simul¬ 
taneously  phosphorylated.  TSPY  and  histone  HI 
autoradiograms  were  obtained  b\’  different  exposure  times. 
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Since  the  SET/NAP  domain  of  TSPY  shares  significant  homology  with  those  of  other 
proteins  of  the  TSPY/SET/NAPl  family  (Eigure  5A),  we  further  explored  possible  interactions 
between  eEElAl [305-462]  and  other  TSPY/SET/NAPl  family  members,  such  as  TSPY-likel, 
CINAP/TSPX,  SET  and  rat  Tspy  using  the  yeast  two-hybrid  strategy.  Our  results  showed  that  only 
the  human  TSPY[151-308]  and  rTspy[  185-334]  interacted  with  eEElAl [305-462]  in  yeast  (Eigure 
5B). 
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Figure  5.  The  SET/NAP  domain  of  human  TSPY  and  eEFlAl  interact  in  yeast.  A,  amino  acid 
sequence  alignment  of  SET/NAP  domains  of  human  TSPY/SET/NAPl  family  proteins  and  rat  Tspy 
(rTsp\ ).  The  amino  acid  residues  highlighted  in  black  arc  conserved,  and  those  regions  w  ith  conserved 
chemical  properties  are  shown  in  grey.  The  regions  of  TSPY  used  in  GST  pulldown  assays  are  indicat¬ 
ed  by  gray  lines.  Tlic  Mac  Vector  Sequence  AnaKsis  Program  (Mac  Vector  Inc.)  was  used  for  genera¬ 
tion  of  the  sequence  alignment.  B,  j  east  colonics  tliat  grew  on  plates  lacking  try  ptophan  and  leucine 
(DTrp,  Leu)  were  examined  for  growth  on  adenine-  and  histidine-deficient  plates  (DAde,  His,  Tip, 
Leu).  Growth  in  the  absence  of  leucine  indicates  the  presence  of  pGADT?  or  pGADT7-cEFlAl[305- 
C],  whereas  growth  in  the  absence  of  try  ptophan  indicates  the  presence  of  pGBKT7  containing  the 
indicated  derivatives  of  TSPY/SET/NAPl  family  proteins.  Interactions  between  proteins  are  shown  by 
the  abilitN  to  activate  the  adc2  and  his3  reporter  genes.  Abbreviations;  control,  pGBKT7  vector  alone; 
TSPY,  pGBKT7-TSPY[151-308];  TSPY-Ll,  pGBKT7-TSPY-likel [full-length];  CINAP,  pGBKT7- 
C1NAP[  198-338];  SET,  pGBKT7-SET/TAF-lbl 74-223];  rTspy,  pGBKT7-rat  Tspy]  185-334]. 
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i)  In  vitro  mapping  of  the  interactive  domains  between  TSPY  and  eEFlAs 

In  vitro  GST  pull-down  assays  were  used  to  confirm  the  interaction  between  TSPY  and 
eEFlA  and  to  delineate  the  respective  interactive  domains.  An  interaction  was  observed  between 
eEFlAl [305-462]  and  GST-TSPY[full-length],  but  not  with  GST  alone  (Figure  65).  To  map  the 
interactive  domains  of  TSPY  responsible  for  its  eEFlAl  binding,  a  series  of  GST-TSPY  truncated 
mutants,  TSPY[151-229],  GST-TSPY[  190-269]  and  GST-TSPY[230-308],  were  generated  and 
used  as  baits  in  respective  pulldown  assays  with  ^^S-labeled  eEFlAl[305-462].  Both  GST- 
TSPY[190-229]  and  GST-TSPY[230-308],  which  contain  the  highly  conserved  sequences  with 
other  TSPY/SET/NAPl  family  (Figure  5A),  could  bind  eEFlAl [305-462]  effectively  (Figure  6C, 
lanes  3  and  5  in  top).  TSPY  mutants  lacking  either  the  region  [151-189]  or  [270-308]  showed  no  or 
faint  binding  to  eEFlAl [305-462]  (Figure  6C,  lane  4  in  top). 
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Figure  6.  The  C-terminus  region  of  eEFIA  interaets  with  the  SET/NAP  domains  of  TSPY  and 
CINAP/TSPX  in  vitro.  A.  domain  stnieture  of  the  full-length  eEFIA.  Tlie  positions  of  amino  aeid 
residues  were  derived  from  computer  alignment  with  yeast  cEFlA  (GenPept  accession  number; 
NP_009676)  using  the  MacVcctor  program.  The  region  harbored  in  the  cloned  pGADT7-cDNA 
librarv  is  indicated  by  the  bold  bar  (amino  acid  residues  305-462  of  cEFlAl).  Tlie  regions  corre¬ 
sponding  to  the  cEFlBa-,  GTP-,  and  aa-tRNA-binding  sites  of  yeast  cEFlA  are  shaded  in  grav-; 
[residues  22-167|  and  |252-322|,  respectively).  B,  GST  alone  or  the  indicated  GST-flision  proteins 
immobilized  on  glutathione-agarose  beads  were  incubated  with  35S-labelcd  cEFlAl [305-462 j.  After 
pulldown,  the  bound  proteins  were  resolved  by  SDS-PAGE  and  detected  b\  autoradiographv-.  Tlie  C- 
tcmiinus  region  of  cEFl A 1  [305-462[  bound  specifically  to  full-length  TSPY.  Input  lane  represented 
8%  of  the  peptides  used  for  the  pulldow  n  assav  .  C,  GST  pulldown  was  performed  as  in  B  w  ith  tlie 
indicated  GST-fusion  proteins  and  35S-labcled  cEFl Al[305-462[  or  cEFlA2[305-463[.  Bic  TSPY 
regions  used  in  the  binding  assays  w  ith  cEFl  A  are  illustrated  as  shown  at  the  bottom. 
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The  analogues,  eEFlAl  and  eEFlA2,  share  >90%  identity  and  have  essentially  the  same 
function  in  protein  translation  [35].  To  explore  the  possibility  of  a  TSPY  and  eEFlA2  interaction, 
the  eEFlA2[305-463]  expression  vector  pcDNA-eEFlA2[305-463]-V5  was  generated,  in  vitro 
translated  with  ^^S-methionine,  and  used  similarly  in  the  GST  pulldown  assays  with  a  series  of 
GST-TSPY  mutants,  as  described  above.  The  results  showed  that  eEFlA2[305-463]  was  capable  of 
binding  to  TSPY  at  specific  domains  as  those  for  the  eEFlAl  (Figure  6C,  lanes  3  and  5  in  bottom), 
as  summarized  in  Figure  6D. 

Although,  eEFlAl  did  not  show  any  significant  in  vivo  binding  to  the  conserved  SET/NAP 
domains  of  other  members  of  the  TSPY/SET/NAP  family,  we  explored  the  possibility  they  might 
interact  in  vitro  in  GST  pulldown  assays.  Our  results  showed  that  GST-SET[74-223]  (Figure  6C, 
lane  7)and  GST-CINAP[198-338]  (Figure  5C,  lane  6)  bound  readily  with  eEFlAl [305-462].  Our 
observation  is  consistent  with  those  described  in  a  recent  report  on  SET-binding  proteins  analyzed 
by  proteomics  strategies  [36].  Currently,  we  are  uncertain  of  these  differences  between  in  vivo  yeast 
two-hybrid  and  in  vitro  GST  pulldown  approaches  on  the  interactions  between  eEFlAl  and 
SET/CINAP.  Interestingly,  both  CINAP/TSPX  and  SET  are  localized  in  nuclei,  whereas  eEFlA  is 
restricted  in  cytoplasm.  Further  cellular  and  physiological  analyses  will  be  required  to  elucidate  the 
significance,  if  any,  of  the  interaction  among  these  molecules. 

j)  TSPY  co-localizates  and  interacts  with  eEFlA  and  forms  homodimers  in  mammalian  cells. 

To  confirm  the  interaction  between  TSPY  and  eEFlA  in  mammalian  cells, 
immunofluorescence  was  performed  on  COS7  cells  transfected  with  TSPY,  and  FFAG-eEFlAl  or 
eEFlA2-V5  expression  vectors.  eEFlAs  exhibited  mostly  cytoplasmic  staining  (Figure  7A  and  IB, 
FFAG-eEFlAl  or  eEFlA2-V5  respectively)  while  TSPY  were  localized  in  both  nucleus  and 
cytoplasm.  The  cytoplasmic  TSPY  exhibited  an  almost  identical  staining  pattern  with  both  eEFlAs 
(Figure  7A  and  7B,  TSPY),  as  revealed  on  merged  the  images  of  TSPY  and  eEFlAs  (Figure  7A  and 
7B,  yellow  dots  in  the  merged  images).  To  confirm  their  interactions  in  the  transfected  cells,  total 
cell  lysates  were  co-immunoprecipitated  with  an  anti-FFAG  antibody.  The  precipitates  were  then 
analyzed  by  Western-blot  using  anti-TSPY  antibody.  The  result  showed  that  TSPY  was  pulled- 
down  with  FFAG-eEFlAl,  but  not  in  the  absence  of  FFAG-eEFlAl  (Figure  1C),  thereby 
confirming  an  interaction  between  TSPY  and  eEFlA  in  transfected  COS7  cells. 

Recently,  the  atomic  structure  of  the  functional  domain  of  the  human  SET  protein  had  been 
elucidated  [37].  The  SET  protein  forms  homodimer  through  their  a2-helices  locating  on  N-terminal 
region  [37].  Using  the  web-based  Protein  Homology /analogy  Recognition  Engine  (Phyre)  program 
(http://www.sbg.bio.ic.ac.uk/phvre/html/index.html)  [38],  we  had  analyzed  the  TSPY  structure, 
using  the  SET  atomic  structure  as  a  model.  Our  analysis  identified  two  long  a-helices  (al  and  al) 
at  residues  52-95  and  105-141  of  TSPY,  analogous  to  those  of  SET.  To  explore  the  possibility  that 
TSPY  indeed  could  form  homodimers,  the  interaction  between  the  full-length  TSPY  and  an 
abbreviated  form,  FFAG-TSPY[76-150],  was  examined  by  co-immunoprecipitation,  similarly  as 
described  above.  Our  results  show  that  the  full-length  TSPY  was  pulled-down  with  FFAG- 
TSPY[76-150]  (Figure  7D),  suggesting  that  TSPY  could  form  homodimers  through  its  N-terminal 
domain. 
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Figure  7.  TSPY  colocalized  and  interacted  with  eEFlA  in  mammalian  cells.  A,  COS7  cells  were  transiently 
cotransfected  with  TSPY  and  FLAG-tagged  eEFlAl  expression  vectors.  Cells  were  examined  2  days  later  by 
indirect  immunofluorescence  for  the  cellular  distribution  of  TSPY  and  eEFl  A1  using  anti-TSPY  and  anti-FLAG 
antibodies.  B,  the  cellular  distribution  of  TSPY  and  eEFl  A2  in  COS7  cells  was  analyzed  as  in  A  with  anti-TSPY 
and  anti-V5  antibodies.  TSPY  and  eEFl  A  were  well  colocalized  in  the  cytoplasm  of  transfected  cells,  resulting  in 
a  yellowish  color  in  the  merged  images.  Scale  bar=  25  mm.  C,  COS7  cells  were  cotransfected  with  the  indicated 
combinations  of  plasmids  (TSPY,  pCS2-TSPY;  FLAG-eEFlAl,  pFLAG-eEFlAl;  -,  appropriate  empty  vector). 
Lysates  were  collected  at  2  days  and  examined  by  Western  blot  for  expression  of  TSPY  (input,  top)  and  FLAG- 
eEFlAl  (input,  bottom).  Immunoprecipitation  was  performed  with  anti-FLAG  antibody  to  detect  an  interaction 
between  TSPY  and  eEFlAl.  The  interacting  proteins  were  analyzed  by  Western  blot  using  anti-TSPY  and  anti- 
FLAG  antibodies  (pulled  down).  TSPY  was  specifically  pulled  down  with  FLAG-tagged  eEFlAl  (lane  5).  D, 
COS7  cells  were  cotransfected  with  the  indicated  combinations  of  plasmids  (TSPY,  pCS2-TSPY;  FLAG- 
TSPY[76-150],  pFLAG-TSPY[76-150];  -,  appropriate  empty  vector).  Interaction  between  TSPY  and  TSPY[76- 
150]  was  analyzed  by  immunoprecipitation  as  described  in  C.  Full-length  TSPY  was  significantly  co- 
immunoprecipitated  with  FLAG-tagged  TSPY[76-150]  (lane  5,  arrow).  Open  arrowhead  indicates  the  IgG  bands 
originated  from  anti-FLAG  antibody  used  in  immunoprecipitation. 


k)  TSPY  stimulated  reporter  protein  synthesis  in  HEK293  cells 

Since  eEFl  A  is  an  important  component  of  the  cellular  translational  machinery,  by 
interacting  with  eEFlA,  TSPY  could  affect  the  overall  protein  synthesis  in  the  cell.  To  examine 
this  possibility,  we  had  characterized  the  effect  of  ectopic  TSPY  expression  on  protein  synthesis,  in 
terms  of  the  levels  of  a  luciferase  reporter  activity  in  cultured  cells.  HEK293  cells  were  transiently 
co-transfected  with  either  pCS-TSPY  or  pCS-hEEFlAl  construct,  and  combination  thereof  (0  -  0.4 
mg/well)  and  pRL-TK  (5  ng/well)  in  quadruplicates.  The  inclusion  of  the  pRL-TK  plasmid  was 
designed  to  provide  low  to  moderate  levels  of  luciferase  expression  under  the  control  of  herpes 
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simplex  virus  thymidine  kinase 
promoter.  Forty-eight  hours  after 
transfection,  the  cells  were  then 
lysed  and  analyzed  for  lucif erase 
activity.  When  pRL-TK  was  co¬ 
transfected  with  the  human 
eEFlAl  expression  vector,  pCS- 
hEEFlAl,  the  transfected  cells 
showed  higher  luciferase  activity 
(Figure  8,  column  6  and  7)  than 
control  (Figure  8,  column  1), 
suggesting  that  increase 
expression  of  eEFlA  enhanced 
the  protein  synthesis  in  HEK293 
cells.  To  evaluate  the  effect  of 
TSPY  on  protein  synthesis,  pCS- 
TSPY  was  co-transfected  with  the 
luciferase  reporter.  Our  results 
demonstrated  that  ectopic 
expression  of  TSPY  stimulated 
luciferase  activities  in  a  dosage 
dependent  manner  (Eigure  8, 
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Figure  8.  Stimulation  of  the  model  protein  synthesis  by  eEFlA  and  TSPY 
HEK293  cells  were  cotransfected  with  pRL-TK  (5  ng/well)  in  the  presence 
of  various  amounts  of  pCS-TSPY  and/or  pCS-hEEFl  A1  as  indicated  in  the 
figure.  Total  DNA  was  adjusted  with  empty  vector  (pCS2-plus). 
Luciferase  activities  were  measured  2  days  after  transfection.  The  indicated 
relative  activity  is  based  on  the  luciferase  activity  of  the  control  (0  mg/well 
of  both  pCS-TSPY  and  pCS-hEEFlAl).  The  data  represent  the  means  ± 
SE  of  four  individual  experiments.  Lower  panel  shows  the  expression  level 
of  TSPY  and  a-tubulin  as  an  internal  control. 


column  1  to  5),  presumably  proportional  to  the  indirect  effects  of  TSPY  on  the  synthesis  of  this 
reporter.  Significantly,  TSPY  could  further  enhance  the  stimulation  of  eEElAl  on  the  luciferase 
expression  in  the  transfected  cells  (Eigure  8,  column  8  and  9).  These  observations  suggest  that 
TSPY  could  enhance  the  protein  production  via  its  interaction  with  eEElAs,  components  of  the 
protein  translational  machinery  in  the  cell. 


TASK  2.  TO  CORREEATE  TSPY  OVER-EXPRESSION  WITH  PROSTATIC  ONCOGENESIS 
IN  TRANSGENIC  MICE 

a)  Expression  of  TSPY  in  a  Tissue  Recombination  Model  of  Prostate  Cancer 

In  adult  prostate,  homeostasis  is  maintained  via  reciprocal  stromal  and  epithelial  interactions 
[39,  40].  During  carcinogenesis,  following  genetic  damage  to  the  epithelium,  such  reciprocal 
interactions  are  disrupted,  favoring  proliferation  for  the  epithelial  cells.  Recently,  excellent  tissue 
recombination  models  of  stromal-epithelial  interactions  have  been  established  primarily  in  Dr. 
Gerald  Cunha’s  laboratory  at  UCSE  and  used  to  study  the  hormonal  and  genetic  determinants 
involved  in  normal  and  malignant  prostatic  growth.  One  such  model  utilizes  an  SV40  T  antigen- 
immortalized  non-tumorigenic  human  prostatic  epithelial  cell  line,  BPH-1,  and  stromal  cells  from 
various  sources  [39,  41,  42].  The  BPH-1  cells  were  initially  developed  by  Dr.  Simon  Hayward,  a 
Collaborator  in  this  project,  while  he  was  in  Dr.  Cunha’s  laboratory  at  UCSE.  In  general,  such  tissue 
recombinants  with  normal  stromal  cells,  when  transplanted  to  the  kidney  capsule  of  nude  mice, 
produce  solid  branched  epithelial  cords  and  ductal  structures  with  a  benign  histology.  In 
testosterone  and  estradiol  (T-1-E2)  treated  hosts,  such  recombinants  develop  focally  invasive 
carcinomas.  Similarly,  when  human  carcinomas-associated  fibroblasts  (CAEs)  from  prostate  cancer 
patients  are  used  as  stromal  donors,  large  aggressively  malignant  tumors  develop  [41].  The 
oncogenic  processes  are  dependent  on  genetic  damage  to  the  epithelium.  Such  damage  can  result 
from  specific  genetic  targeting,  such  as  the  knockout  of  the  RB  tumor  suppressor  gene  [43];  or  by 
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the  more  general  genetic  damage  caused,  for  example  by  the  expression  of  viral  oncogenes  [42]. 
These  studies  emphasize  the  importance  of  stromal  microenvironment,  genetic  and  hormonal 

influence  in  the  carcinogenic 
transformation  of  the 
epithelial  (BPH-1)  cells. 

In  collaboration  with 
Dr.  Simon  Hayward,  now  at 
Vanderbilt  University,  we 
have  examined  the  TSPY 
expression  in  recombinant 
transplants  consisting  of 
either  BPH-1  and  rat 
urogenital  sinus  mesenchyme 
(rUGM)  or  BPH-1  and  CAFs. 
Our  results  demonstrated  that 
TSPY  proteins  were 
expressed  only  at  low  levels 
in  the  epithelial  cells  (i.e. 
BPH-1)  in  the  benign  BPH- 
1-i-rUGM  recombinants 
(Figure  9A,  B)  and 
significantly  in  the  tumor 
cells  induced  by  T-1-E2 
treatment  with  the  hosts 
(Figure  9C,  D).  For  the  BPH- 
1  and  CAFs  recombinants, 
TSPY  is  widely  expressed 
and  is  localized  in  the 
carcinoma  and  cancerous 
BPH-1  cells  (Figure  9E,  E). 
Several  BPH-1  derivative  lines  (Eigure  9I-P)  have  been  obtained  from  sequential  grafting  of  the 
tumor  cells  from  the  initial  BPH- 1/CAE  recombinants.  When  they  are  recombined  with  normal  rat 
UGM,  these  BPH-1  derivative  lines  give  rise  to  prostatic  carcinoma  without  the  needs  of  CAP  nor 
hormonal  treatment.  Hence,  they  have  been  selected  and  sequentially  enriched  for  acquiring 
additional  mutational  steps  towards  the  spontaneous  oncogenic  phenotypes.  TSPY  stained 
positively  with  these  tumor  cells  (Eigure  9TP).  These  results  are  in  agreement  with  those  observed 
in  T-1-E2  induced  prostate  cancer  in  the  Noble  rats  and  further  support  the  postulation  that  TSPY 
participates  in  prostatic  oncogenesis.  The  abundant  expression  of  TSPY  in  the  CAE-induced  BPH- 
1  derivative  cells  in  these  recombinants  suggests  that  TSPY  activation  could  be  one  of  the  events 
leading  to  the  tumorigenic  properties  of  these  derivative  BPH-1  cells.  If  TSPY  is  involved  in 
oncogenesis  in  these  models,  the  observations  also  suggest  that  TSPY  might  be  needed  to  maintain 
an  oncogenic  phenotype  for  such  tissue  recombinants. 

b)  TSPY  Expression  in  Prostatic  Hyperplasia  of  Transgenic  Mice 

Transgenic  mice  harboring  a  modular  TSPY  gene  directed  by  the  human  kallikrein  2  (HK2) 
promoter  [44,  45]  show  an  epithelial  cell-specific  expression  pattern  of  the  human  transgene  (Eigure 
10  A-K).  Hyperplasia/PIN  could  be  observed  in  the  prostates  of  a  few  animals  at  8-12  months. 


Figured.  TSPY  expression  in  BPH- 1-rUGM  prostatic  tissue  recombinants. 
A-B)  Normal;  C-D)  T+E2  treated;  G-H)  staining  without  primary  anti¬ 
body,  negative  control  of  C-D;  E-F)  BPH-l-CAF  recombinant;  and  deriv¬ 
ative  BPH-1  lines  from  BPH-l-CAF  recombinants  showing  oncogenic 
growth  with  rUGM  (without  CAF)  recombination.  I-J)  BPH-1  caftd-03. 
K-L)  BPH-1  CAFTD-04.  m-N)  BPH-1  caftd-05.  o-P)BPH-1  caftd-os 
Boxed  areas  are  enlarged  in  corresponding  figures  on  the  right . 
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Figure  10.  TSPY  transgene  expression  in  prostatic  epithelia  induces 
hyperplasia  in  transgenic  mice.  A-K)  TSPY-EGFP  biscistronic 
transgene  directed  by  HK2  promoter  is  expressed  specifically  in  epi¬ 
thelial  cells  in  the  prostates  of  transgenic  mice.  L-M)  Old  transgenic 
mice  harboring  a  12-kb  human  TSPY  transgene  expressed  TSPY  in 
their  prostates,  resulting  in  hyperplasia.  Arrow  indicates  a 
hyperplasic  area,  similar  to  boxed  area  (magnified  in  M).  N)  RT- 
PCR  analysis  confirmed  TSPY  transgene  expression  in  the  old  mice. 


TSPY  is  abundantly  expressed  in  the 
hyperplasic  cells.  Similarly,  transgenic 
mice  harboring  a  12-kb  human  Y-DNA 
containing  the  TSPY  structural  gene 
showed  a  normal  testicular  expression  of 
the  transgene  and  no  expression  in  the 
prostate,  under  normal  conditions. 
However,  when  these  mice  aged,  numerous 
hyperplasic  foci  in  their  prostates  could  be 
observed  readily.  Immunofluorescence 
demonstrated  that  the  human  TSPY 
transgene  was  expressed  specifically  in 
these  hyperplasic  cells  (Figure  lOL-M). 
Such  transgene  expression  could  be 
confirmed  by  RT-PCR  analysis  (Figure 
ION).  Since  mice  harbor  a  nonfunctional 
Tspy  gene  on  their  Y  chromosome  and 
prostatic  tumors  are  not  normally  observed. 
The  prostatic  hyperplasia  developed  in 
these  TSPY  transgenic  mice  suggests  that 
the  human  transgene  could  promote  latent 
lesion  or  PIN  development  in  its  hosts. 
Although  preliminary  in  nature,  these 
results  corroborate  with  those  from  clinical 
samples,  suggesting  that  TSPY  expression 
is  closely  associated  with  latent/initial 
stages  of  prostatic  oncogenesis. 
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FUTURE  DIRECTION 


We  have  successfully  implemented  the  proposed  studies  in  the  funded  period  of  this  project. 
The  establishment  of  the  Y  chromosome  gene,  TSPY,  as  a  putative  oncogene  involved  in  prostate 
cancer  and  testicular  germ  cell  tumors  clearly  positioned  this  GBY  gene  in  the  initiation  of  such 
human  cancers.  Euture  studies  in  delineating  the  molecular  mechanisms  by  which  it  exerts  its 
oncogenic  functions  will  greatly  facilitate  developments  of  diagnostic,  therapeutic  and  preventive 
strategies  for  prostate  cancer,  based  on  TSPY  biology. 

KEY  RESEARCH  ACCOMPEISHMENTS 

•  Establish  TSPY  to  be  the  gonadoblastoma  gene. 

•  Demonstrate  TSPY  to  be  involved  in  the  initiation  of  prostatic  oncogenesis. 

•  Demonstrate  TSPY  expression  is  proportional  to  the  severity  of  the  prostate  cancer. 

•  Demonstrate  Tspy  gene  expression  in  a  tissue  recombinant  model  of  prostate  cancer. 

•  Show  the  human  TSPY  transgene  is  expressed  in  hyperplasic  regions  in  the  prostates  of  old 
transgenic  mice. 

•  Demonstrate  TSPY  effects  on  cell  cycle  regulation,  i.e.  potentiating  cell  proliferation  and 
shortening  the  G2/M  phase  (leading  to  potential  genomic  instability  and  epigenetic 
dysregulation  of  other  oncogenes  favoring  oncogenesis). 

•  Demonstrate  TSPY  effects  on  protein  synthetic  machinery  via  its  interaction  with  another 
oncoprotein,  the  elongation  factor  lA. 
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CONCLUSION 

We  have  now  established  strong  evidence  supporting  TSPY  to  be  the  gene  for  GBY,  the 
only  oncogenic  locus  on  the  human  Y  chromosome.  Its  expression  in  prostate  cancer  suggests  that 
it  might  play  a  significant  role  in  the  multistep  oncogenic  process  in  prostate  cancer.  We  have 
examined  additional  cases  of  prostate  cancer  of  different  clinical  grades  and  demonstrated  that 
TSPY  expression  is  proportional  to  the  severity  of  the  cancer.  We  demonstrated  TSPY  expression 
increased  with  malignancy  of  a  tissue  recombination  model  of  prostate  cancer.  Significantly,  TSPY 
is  especially  expressed  in  phenotypic  normal  epithelia  adjacent  to  cancerous  regions  and  in  latent 
cancer  foci  in  prostates  of  elderly  individuals  without  any  clinical  symptoms.  These  findings  are 
critically  important;  suggesting  that  TSPY  could  plays  cardinal  role(s)  in  the  initiation  of  prostate 
cancer.  This  view  is  also  supported  by  two  additional  observations.  Lirst,  TSPY  is  expressed  in  the 
premalignant  germ  cells  that  eventually  develop  into  seminomas  and  nonseminomas,  suggesting 
that  TSPY  could  also  participate  in  early  stages  of  this  type  of  tumors,  a  parallel  scenario  to  that  of 
the  prostate  cancer.  Second,  TSPY  is  expressed  in  the  hyperplasic  regions  in  the  prostates  of  old 
transgenic  mice,  supporting  our  clinical  observations  that  TSPY  might  play  an  important  role  in  the 
initiation  of  prostatic  oncogenesis. 

Our  efforts  on  identifying  the  molecular  mechanisms  by  which  TSPY  exerts  its  oncogenic 
functions  have  been  extremely  successful  in  studies  supported  by  this  project.  Lirst,  we  showed  that 
ectopic  expression  of  TSPY  potentiates  cell  proliferation  in  vitro  and  tumorigenicity  in  nude  mice. 
It  up  regulates  genes  important  for  cell  proliferation  and  growth  and  inhibits  apoptotic  genes. 
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Significantly,  genes  on  the  short  arm  of  chromosome  12  are  especially  up  regulated.  These  genes 
are  postulated  to  play  roles  in  germ  cell  tumorigenesis.  Further  studies  identified  the  elongation 
factor,  eEFlA,  as  an  interactive  partner  for  TSPY.  Since  eEFlAs  are  considered  to  be  oncogenes  in 
various  systems,  including  breast  and  prostate  cancers,  their  interactions  with  TSPY  suggest  that 
they  might  collaborate  with  TSPY  in  tumorigenesis  of  male-specific  cancers.  Indeed,  ectopic 
expression  of  TSPY  accelerates  the  protein  synthetic  machinery  in  transfected  cells.  Since  tumor 
cells  are  actively  proliferating,  a  central  feature  of  being  a  cancer  cell,  TSPY  effects  on  protein 
synthesis  suggest  that  TSPY  exacerbates  such  tumorigenic  feature  and  contributes  to  cancer 
development. 

SO  WHAT 

Our  results  have  clearly  associated  the  Y  chromosome  gene,  TSPY,  to  the  early  stages  of 
human  oncogenesis,  particularly  on  prostate  cancer  and  testicular  germ  cell  tumors.  They  will  form 
the  basis  for  future  developments  of  diagnostic,  therapeutic  and  preventive  strategies  for  prostate 
cancer. 
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Abstract.  The  gonadoblastoma  locus  on  the  Y  chromosome 
(GBY)  predisposes  the  dysgenetic  gonads  of  XY  females  to 
develop  in  situ  tumors.  It  has  been  mapped  to  a  critical  interval 
on  the  short  arm  and  adjacent  centromeric  region  on  the  Y 
chromosome.  Currently  there  are  five  functional  genes  identi¬ 
fied  on  the  GBY  critical  region,  thereby  providing  likely  candi¬ 
dates  for  this  cancer  predisposition  locus.  To  evaluate  the  can¬ 
didacy  of  one  of  these  five  genes,  testis-specific  protein  Y- 
encoded  (TSPY),  as  the  gene  for  GBY,  expression  patterns  of 
TSPY  in  four  gonadoblastoma  from  three  patients  were  ana¬ 


lyzed  by  immunohistochemistry  using  a  TSPY  specific  anti¬ 
body.  Results  from  this  study  showed  that  TSPY  was  preferen¬ 
tially  expressed  in  tumor  germ  cells  of  all  gonadoblastoma  spec¬ 
imens.  Additional  study  on  two  cases  of  testicular  seminoma 
demonstrated  that  TSPY  was  also  abundantly  expressed  in  all 
stages  of  these  germ  cell  tumors.  The  present  observations  sug¬ 
gest  that  TSPY  may  either  be  involved  in  the  oncogenesis  of  or 
be  a  useful  marker  for  both  types  of  germ  cell  tumors. 

Copyright©2001  S.  KargerAG,  Basel 


Gonadoblastoma  is  a  rare  tumor  that  arises  mostly  in  the 
dysgenetic  gonads  of  phenotypic  females  who  harbor  some  Y 
chromosome  materials  in  their  genome  (Page,  1987).  The 
tumor  is  composed  of  aggregates  of  primordial  germ  cells  and 
sex  cord  elements  resembling  immature  Sertoli  and  granulosa 
cells.  These  aggregates  are  surrounded  by  luteinized  ovarian 
type  stroma  that  may  include  Leydig  or  lutein-type  cells  (Scully, 
1953,  1970).  Gonadoblastoma  has  been  considered  to  be  an  in 
situ  germ  cell  malignancy  from  which  invasive  germ  cell 
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tumors  can  develop  (Skakkebaek  et  al.,  1987;  Jorgensen  et  al, 
1997;  Looijenga  and  Oosterhuis,  1999;  Heerbst  et  al.,  1999). 

The  prevalence  of  gonadoblastoma  among  XY  females  had 
led  David  Page  (1987)  to  hypothesize  the  presence  of  a  locus, 
gonadoWastoma  locus  on  the  Y  chromosome  (GBY),  that  pre¬ 
disposes  the  dysgenetic  gonads  of  these  sex-reversed  individu¬ 
als  to  develop  such  in  situ  tumors.  Page  further  predicted  that 
the  gene(s)  encoded  by  the  GBY  locus  has  a  normal  function  in 
the  testis  and  acts  as  an  oncogene  only  in  the  dysgenetic  gonad. 
Using  a  panel  of  DNAs  from  XY  females  with  gonadoblasto¬ 
ma,  Page  had  initially  mapped  the  GBY  locus  to  deletion  inter¬ 
val  3  on  the  short  arm  and  intervals  4B-7  on  the  long  arm  of  the 
Y  chromosome.  Additional  studies  further  sublocalized  this 
locus  to  a  small  region  consisting  of  ~  1-2  Mb  of  DNA  in  dele¬ 
tion  intervals  3E-3G  proximal  to  and  4B  at  the  centromere  and 
possibly  5E,  a  proximal  interval  on  the  long  arm  (Salo  et  al, 
1995;  Tsuchiya  et  al.,  1995).  Among  the  genes  so  far  isolated 
from  the  human  Y  chromosome  (Vogt  et  al.,  1997;  Lahn  and 
Page,  1997;  Lau  and  Zhang,  2000),  there  are  five  genes  residing 
on  this  small  region:  amelogenin  Y  (AMELY),  RNA  binding 


motif  Y  (RBMY),  protein  kinase  Y  (PRKY),  protein  tyrosine 
phosphatase  PTP-BL  related  Y  (PRY),  and  testis-specific  pro¬ 
tein  Y-encoded  (TSPY).  Hence,  they  are  candidates  for  GBY. 
AMELY  encodes  an  enamel  protein  in  the  tooth  buds  (Salido  et 
al.,  1 992).  RBMY  is  a  repeated  gene  with  a  majority  of  its  func¬ 
tional  members  residing  at  interval  6  on  the  long  arm,  outside 
the  GBY  critical  region  (Cooke,  1999).  It  expresses  a  protein 
with  RNA  binding  motif  in  the  nuclei  of  male  germ  cells. 
PRKY  is  a  single  copy  gene  coding  for  a  putative  cAMP-depen- 
dent  serine/threonine  protein  kinase  (Schiebel  et  ah,  1997). 
Both  RMBY  and  PRKY  have  a  homologous  gene,  RBMX  and 
PRKX  respectively,  on  the  X  chromosome  (Schiebel  et  al., 
1997;  Delbridge  et  al.,  1999).  PRY  is  a  recently  isolated 
repeated  gene  family  coding  for  a  protein  related  to  the  PTP-BL 
tyrosine  phosphatase  (Lahn  and  Page,  1997).  Some  copies  of 
PRY  are  present  outside  the  GBY  region.  TSPY  is  a  repeated 
gene  whose  functional  members  are  primarily  located  in  two 
clusters,  TSPYA  and  TSPYB,  within  interval  3  (Zhang  et  al., 
1992;  Conrad  et  al,  1996;  Vogt  et  ah,  1997)  on  the  short  arm 
and  as  a  single-copy  on  the  proximal  region  of  the  long  arm 
(Ratti  et  al.,  2000).  TSPY  shares  tight  homology  to  a  family  of 
cyclin  B  binding  proteins,  such  as  the  SET  oncoprotein  and  the 
nucleosome  assembly  protein  (NAP-1)  (Tsuchiya  et  al.,  1995; 
Schnieders  et  al.,  1996),  and  has  been  postulated  to  play  a  role 
in  directing  the  spermatogonial  cells  to  enter  meiosis  (Schnie¬ 
ders  et  al.,  1996;  Vogel  et  al.,  1998).  Other  cyclin  B  binding 
proteins  have  been  demonstrated  to  be  involved  in  the  mitotic 
process,  cell  proliferation  and/or  carcinogenesis  (von  Lindem 
et  al,  1992;  Adachi  et  al.,  1994;  Altman  and  Kellogg,  1997; 
Carlson  et  al,  1998;  Shin  et  al.,  1999).  Hence,  aberrant  or  inap¬ 
propriate  expression  of  TSPY  in  dysgenetic  gonads  may  play  a 
role  in  the  etiology  of  gonadoblastoma. 

To  evaluate  the  candidacy  of  TSPY  as  the  gene(s)  for  GBY, 
we  have  performed  detailed  expression  analysis  of  TSPY  in 
gonadoblastoma  and  testicular  seminoma,  or  germ  cell  tumor, 
using  immunohistochemical  techniques.  Our  results  demon¬ 
strate  that  TSPY  is  preferentially  expressed  in  the  germ  cells  of 
the  tumor  aggregates  in  gonadoblastoma  and  tumor  cells  at  dif¬ 
ferent  stages  of  testicular  seminoma.  Its  expression  pattern  is 
very  similar  to  those  of  cyclin  B1  and  another  cell  proliferative 
marker,  the  proliferating  cell  nuclear  antigen  (PCNA).  These 
findings,  hence,  support  the  postulation  that  TSPY  is  a  signifi¬ 
cant  candidate  for  GBY,  and  suggest  a  possible  role  of  TSPY  in 
the  multi-step  carcinogenesis  of  testicular  seminoma. 

Materials  and  methods 

Patients 

Tissue  sections  were  obtained  from  archival  formalin-fixed  and  paraffin- 
embedded  tumor  specimens.  All  three  gonadoblastoma  patients  had  pre¬ 
viously  been  described  (lezzoni  et  al.,  1997;  Hussong  et  al.,  1997).  At  the 
time  of  biopsies.  Patient  #1  was  a  15-year  old  phenotypic  female  with  a  uni¬ 
lateral  gonadoblastoma  at  the  left  gonad.  Patient  #2  was  a  20-year  old  pheno¬ 
typic  female  with  bilateral  gonadoblastoma.  Both  patients  #1  and  2  have  a 
45,X/46,XY  mosaic  karyotype.  Chromosome  painting  analysis  on  tissue  sec¬ 
tions  of  these  tumors  showed  that  most  tumor  cells  harbored  a  Y  chromo¬ 
some  while  the  stroma  showed  reduced  numbers  of  cells  harboring  this  chro¬ 
mosome  (lezzoni  et  al.,  1997).  Patient  #3  was  a  15-year  old  phenotypic 
female  with  a  46,XY  karyotype.  She  developed  a  tumor  mass  on  the  left  and 
a  streak  gonad  on  the  right  (Hussong  et  al.,  1997). 


Two  testicular  seminoma  specimens  were  obtained  from  archival  sam¬ 
ples  at  the  Anatomic  Pathology  Section,  VA  Medical  Center,  San  Francisco. 
At  the  time  of  orchiectomy,  Patient  #1  was  a  49-year  old  male  with  a  tumor 
mass  confined  only  to  the  left  testicle.  Pathological  examination  revealed  a 
classical  seminoma.  Patient  #2  was  a  49-year  old  male  with  an  advanced  and 
mixed  germ  cell  tumor  composed  of  seminoma,  embryonal  carcinoma  and 
yolk  sac  tumor. 

Generation  of  a  speeific  antibody  against  TSPY 

The  entire  open  reading  frame  of  the  human  TSPY  cDNA  (Zhang  et  al., 
1992)  was  subcloned  in-frame  in  the  iicoRl  site  of  the  expression  vector, 
pAR(ARl)  (Blanar  and  Rutter,  1992),  a  derivative  of  the  pET3a  vector. 
Recombinant  TSPY  protein  was  synthesized  in  bacterial  host,  BL21DE3 
(pLysS)  and  purified  by  preparative  SDS-PAGE  from  total  lysates  of  induced 
bacterial  culture.  A  polyclonal  antiserum  was  generated  by  repeat  immuniza¬ 
tions  of  a  New  Zealand  white  rabbit  using  the  service  of  a  commercial  vendor 
(Vancouver  Biotechnology,  Vancouver,  Canada).  The  specificity  of  the  anti¬ 
serum  was  initially  assayed  by  Western  blotting  against  recombinant  TSPY 
protein.  The  specificity  of  this  antibody  to  TSPY  was  further  confirmed  by 
both  Western  blotting  and  immunocytochemical  staining  of  HeLa  cells 
expressing  at  high  levels  a  transfected  human  TSPY  gene  (Lau,  unpublished 
observations).  A  polyclonal  antibody  against  the  proliferative  cell  nuclear 
antigen  (PCNA)  was  purchased  from  Dako  Laboratory,  Inc.  (Carpinteria, 
CA).  A  polyclonal  antibody  against  the  human  cyclin  B 1  (synthesized  with  a 
bacculuvirus  vector  in  insect  cells)  was  a  gift  from  Catherine  Takizawa  and 
David  Morgan,  Department  of  Physiology,  UCSF.  Both  antibodies  had  pre¬ 
viously  been  demonstrated  to  be  specific  for  the  respective  antigens  in  West¬ 
ern  blotting  and  immunostaining  studies  (Jin  et  al.,  1998;  Takizawa  et  al., 
1999;  Kdmiiveset  al.,  1999). 

Immunohistochemistry  of  tumor  tissue  sections 

Five-micron  sections  were  obtained  from  archival  materials  according  to 
established  procedure.  Immunohistochemical  staining  was  performed  as  pre¬ 
viously  described  (Komiives  et  al.,  1999).  Heat-induced  antigen  retrieval  pre¬ 
treatment  was  utilized  in  procedures  with  PCNA  and  cyclin  B1  antibodies. 
Immunostaining  was  conducted  in  a  Tris  buffer,  pH  7.6,  containing  4%  of 
bovine  serum  albumin,  1  %  gelatin,  0. 1  %  Tween  20,  and  500  mM  NaCl.  The 
primary  antisera  were  used  at  1 :500  to  1 : 1 000  dilution  ratios.  The  binding  of 
the  primary  antibody  was  detected  by  reaction  with  affinity-purified  biotiny¬ 
lated  goat  anti-rabbit  IgG,  and  visualized  by  either  ABC-peroxidase  or  ABC- 
alkaline  phosphatase  reagents.  Commercial  substrate  kits  (Vector  Laborato¬ 
ries,  Burlingame,  CA)  were  used  for  the  enzymatic  detections.  For  the  brown 
and  brick-red  signals,  the  DAB  and  VECTOR  NovaRED  kits  were  used 
respectively  with  the  ABC-peroxidase  reagents.  For  the  red  signal,  the  VEC¬ 
TOR  RED  kit  was  used  with  the  ABC-alkaline  phosphatase  reagents.  All 
signals  were  dependent  on  the  bindings  of  the  respective  primary  antibodies 
and  were  independent  of  the  substrate  kits  used.  After  the  immunostaining, 
the  sections  were  counter-stained  with  hematoxylin.  Omitting  the  primary 
antibody  in  the  procedure  resulted  in  no  signals.  Preabsorption  of  the  TSPY 
antiserum  with  excess  recombinant  TSPY  protein  abolished  the  staining. 
The  sections  were  examined  and  recorded  with  a  Zeiss  Axiophot  microscope. 


Results 

Preferential  expression  of  TSPY  in  tumor  germ  cells  of 
gonadoblastoma 

Histological  analysis  of  the  gonadoblastoma  specimens 
from  all  three  patients  showed  characteristic  aggregates  of  pri¬ 
mordial  germ  cells  and  sex  chord  elements.  Immunostaining  of 
tissue  sections  of  all  four  tumors  (two  patients  with  unilateral 
and  one  patient  with  bilateral  tumors)  showed  positive  staining 
of  cancerous  germ  cells  within  these  tumor  aggregates  of  all 
three  patients  (e.g.  Fig.  1  A).  In  particular,  the  tumor  of  patient 
#3  was  organized  in  smaller  aggregates  with  less  sex  chord  ele¬ 
ments  (Fig.  IB,  C),  partially  resembling  the  morphology  of 
some  forms  of  germ  cell  tumors  in  the  testis  (e.g.  Fig.  IF,  M). 


Fig.  1.  Immunohistochemical  localization  of  TSPY  in  gonadoblastoma 
and  testicular  seminoma.  (A)  TSPY  was  primarily  located  in  the  germ  cells  of 
tumor  aggregates  of  all  three  gonadoblastoma  patients.  This  figure  illustrates 
an  example  of  immunostaining  on  sections  from  Patient  #1.  (B)  Patient  #3 
harbored  a  gonadoblastoma  with  less  organized  aggregates.  (C)  An  enlarge¬ 
ment  of  boxed  area  in  B.  showing  prominent  cytoplasmic  locations  of  the 
TSPY  protein.  (W)  Examples  of  mitotic  cells  within  the  gonadoblastoma 
from  patient  #3.  Cells  in  D-G  were  stained  with  TSPY  antibody;  H  with 
PCNA  antibody  and  I  a  control  without  primary  antibody  reaction.  (J-O) 
Immunostaining  of  TSPY  on  tumor  sections  from  seminoma  at  early  (J). 


intermediate  (K)  and  late  (L-0)  stages  of  the  testicular  cancer.  Yellow  arrows 
in  J  point  to  possible  localized  tumor  growth  areas.  Blue  arrow  in  L  indicates 
a  tubule  being  abandoned  by  the  invasive  growth  of  the  tumor  (boxed  area 
enlarged  in  M).  N  Shows  an  advanced  tumor  area  consisting  of  large  mass  of 
tumor  cells  and  highly  undifferentiated  and  loosely  associated  embryonal 
cells  (boxed  area  enlarged  in  0).  White  arrows  in  M  and  0  point  to  mitotic 
tumor  cells.  Positive  signals  are  brick  red  in  A:  chocolate  in  B  and  C;  brown  in 
D-H;  and  red  in  J-O.  Bars  indicate  50  pm  in  A.  C.  M  and  0;  200  pm  in  B.  J.  L, 
and  N;  and  10  pm  in  D-l. 
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The  TSPY  protein  was  prominently  localized  primarily  in  the 
cytoplasm  of  these  large  cells  (Fig.  1C).  In  all  cases,  the  sex  cord 
elements  and  the  stroma  showed  very  little  reactive  signals 
(Fig.  lA,  B).  Mitotic  cells  were  readily  observed  on  specimens 
from  this  patient  (Fig.  ID-I).  Omission  of  the  primary  anti¬ 
body  or  pre-absorption  of  the  antiserum  with  excess  recombi¬ 
nant  TSPY  protein  abolished  or  greatly  reduced  the  reactive 
staining  of  the  germ  cells  in  these  procedures  (e.g.  Fig.  II). 
Analysis  of  parallel  sections  with  PCNA  and  cyclin  B1  anti¬ 
bodies  showed  similar  staining  patterns  as  those  with  the  TSPY 
antibody  (data  not  shown).  The  signals  were  primarily  located 
on  the  nuclei  for  PCNA  while  those  for  cyclin  B1  seemed  to  be 
associated  with  both  nuclei  and  cytoplasm  of  the  germ  cells. 
The  general  staining  patterns  indicated  that  TSPY,  PCNA  and 
cyclin  B1  were  co-expressed  in  the  same  tumor  cells. 

TSPY  expression  in  the  tumor  cells  at  various  stages  of 

testicular  seminoma 

It  has  been  argued  that  gonadoblastoma  is  a  precursor  form 
of  more  aggressive  germ  cell  tumors  (Skakkebaek  et  al.,  1987; 
Jorgensen  et  al.,  1997;  Looijenga  and  Oosterhuis,  1999;  Herbst 
et  al.,  1999).  If  TSPY  is  indeed  the  candidate  for  GBY,  it  would 
potentially  participate  in  the  oncogenic  process  of  other  genh 
cell  tumors.  Previously,  Schneiders  and  colleagues  (1996)  had 
indeed  demonstrated  an  up-regulation  of  TSPY  expression  in 
in-situ  carcinoma  of  the  testis,  a  presumed  precursor  of  germ 
cell  tumors  or  seminoma.  To  address  the  question  of  whether 
TSPY  may  also  play  a  role  in  more  advanced  testicular  cancer, 
we  have  extended  our  study  to  include  two  cases  of  seminoma 
using  the  same  immunohistochemical  staining  technique  and 
specific  antibodies  against  TSPY,  PCNA  and  cyclin  Bl.  They, 
together,  showed  various  morphological  forms  potentially  re¬ 
presenting  the  different  oncogenic  stages  of  these  tumors.  At 
the  early  stages,  spermatogenesis  might  have  ceased,  thereby 
depleting  normal  meiotic  cells  within  the  seminiferous  tubules. 
In-situ  carcinoma  could  also  occur  as  a  precursor  during  this 
initial  carcinogenic  period  (Schnieders  et  al,  1996).  The  germ 
cell-depleted  and  epithelium-like  tubules  consisted  of  a  single¬ 
layer  of  cells  that  might  develop  into  localized  multi-layer 
tumors  at  various  peripheral  segments  (Fig.  1 J,  yellow  arrows). 
This  transformation  progressed  until  most  of  the  epithelia  were 
lined  with  multiple  layers  of  tumor  germ  cells  (Fig.  IK).  Inva¬ 
sive  aggregates  of  cancerous  germ  cells  eventually  evolved  from 
such  tubular  tumors,  abandoning  the  original  tubules  (Fig.  IL, 
blue  arrow).  In  the  advanced  stages,  these  aggregates  could 
form  a  large  tumor  mass  covering  a  sizable  portion  of  the  testis 
(Fig.  IL,  N).  Occasionally  highly  undifferentiated  and  loosely 
associated  embryonal  cells  were  observed  in  the  late  stages  of 
these  tumors  (Fig.  lO).  Presumably,  these  single  tumor  cells 
might  have  acquired  some  metastatic  properties/potential.  Sig¬ 
nificant  expression  of  the  TSPY  protein  was  detected  in  the 
tumor  germ  cells  at  all  stages  of  these  testicular  cancers 
(Fig.  1 J-O).  Similar  to  the  expression  pattern  in  gonadoblasto¬ 
ma,  TSPY  was  primarily  located  on  the  cytoplasm  of  the  tumor 
cells  (Fig.  IM,  O).  Occasionally,  nuclear  locations  of  TSPY 
were  also  detected  in  a  few  cells.  Under  each  microscopic  view, 
a  significant  number  of  mitotic  cells  could  easily  be  identified 
(white  arrows.  Fig.  IM,  O).  Similar  to  those  in  gonadoblasto¬ 


ma,  most  mitotic  cells  were  stained  positively  with  the  TSPY 
antibody.  TSPY  expression  was  at  a  reduced  or  insignificant 
level  in  the  interstitial  regions  of  these  testicular  cancers. 

Immunohistochemical  staining  of  parallel  tissue  sections 
with  PCNA  and  cyclin  Bl  antisera  demonstrated  similar  ex¬ 
pression  patterns  as  that  of  TSPY  for  both  antigens  in  testicular 
seminoma  (data  not  shown).  Again,  PCNA  showed  a  mostly 
nuclear  location  while  cyclin  B 1  showed  a  nuclear  and  cytoplas¬ 
mic  staining  pattern.  These  observations  suggested  a  possible 
co-expression  of  these  three  proteins  in  the  same  tumor  germ 
cells. 


Discussion 

The  mapping  of  the  GBY  locus  within  a  small  region  of  the 
human  Y  chromosome  suggests  the  existence  of  a  proto-onco¬ 
gene  on  this  chromosome  that  predisposes  the  dysgenetic 
gonads  of  XY  females  to  malignancy  (Page,  1987;  Salo  et  al, 
1995;.Tsuchiya  et  al.,  1995).  The  identification  of  candidate 
genes  for  GBY  will  not  only  provide  information  on  the  molec¬ 
ular  etiology  of  gonadoblastoma  but  will  also  shed  light  on  the 
contribution  of  this  chromosome  to  the  carcinogenic  processes 
of  other  male-specific  cancers,  such  as  testicular  seminoma, 
germ  cell  tumors  and  prostate  cancer  (Looijenga  and  Ooster¬ 
huis,  1999;  Lau,  1999;  Lau  and  Zhang,  2000).  Recent  studies 
on  TSPY  have  positioned  it  to  be  the  most  viable  candidate  for 
GBY  within  the  critical  region  on  the  Y  chromosome.  First,  it  is 
present  in  the  DNAs  of  gonadoblastoma  patients  (Salo  et  al., 
1995;  Tsuchiya  et  al,  1995).  Its  transcripts  had  been  detected 
by  RT-PCR  technique  in  the  corresponding  tumor  tissues  (Tsu¬ 
chiya  et  al.,  1995)  and  recently  by  immunostaining  in  a  single 
case  of  gonadoblastoma  (Hildenbrand  et  al,  1999).  Second, 
immunostaining  studies  had  demonstrated  its  expression  in 
spermatogonia  in  normal  testis  (Schnieders  et  al.,  1996),  sug¬ 
gesting  that  TSPY  may  serve  a  normal  function  of  directing  the 
spermatogonial  cells  to  enter  meiosis,  a  condition  for  the  GBY 
gene(s)  initially  postulated  by  David  Page  (1987).  Third,  the 
TSPY  protein  is  highly  homologous  to  a  family  of  cyclin  B 
binding  proteins,  including  NAP-1  and  SET  oncoprotein  (Tsu¬ 
chiya  et  al.,  1995;  Schnieders  et  al,  1996),  suggesting  that  it 
may  bind  to  this  mitotic  cyclin  and  be  involved  in  cell  cycle 
regulation  and/or  cell  proliferation  (Shin  et  al.,  1999).  Results 
from  the  present  study  demonstrate  that  TSPY  is  preferentially 
expressed  in  the  proliferating  germ  cells  within  the  tumor 
aggregates  in  all  four  samples  from  three  gonadoblastoma 
patients,  further  supporting  the  candidacy  of  TSPY  for  GBY. 

Although  TSPY  protein  has  previously  been  detected  in 
some  forms  of  testicular  tumors,  including  in-situ  carcinoma 
(Schnieders  et  al.,  1996),  our  study  on  the  seminoma  specimens 
has  clearly  demonstrated  the  high  levels  of  expression  of  this 
GBY  candidate  gene  in  all  stages  of  these  advanced  germ  cell 
tumors.  Hence,  these  results,  together  with  those  observed  by 
others  (Schnieders  et  al,  1996),  establish  a  direct  relationship 
between  the  aberrant  TSPY  expression  and  the  oncogenic  pro¬ 
cess  of  testicular  cancer.  Numerous  studies  have  demonstrated 
that  cyclin  B  binding  proteins,  such  as  SET,  are  either  involved 
in  oncogenesis  of  acute  leukemia,  Wilm’s  tumor  or  modulation 


of  cell  proliferation  (von  Lindern  et  al.,  1992;  Adachi  et  al., 
1994;  Carlson  et  al,  1998;  Shin  etal.,  1999).  Although  the  inter¬ 
actions  between  TSPY  and  cyclin  B  have  yet  to  be  demon¬ 
strated  experimentally,  the  co-expression  of  these  two  mole¬ 
cules  on  the  same  tumor  cells  has  raised  the  possibility  that  they 
may  indeed  interact  in  vivo.  The  present  study  has  provided 
evidence  supporting  the  hypothesis  that  aberrant  expression  of 
TSPY  may  lead  to  abnormal  cell  proliferation  and  tumor  for¬ 


mation  (Lau,  1999).  Hence,  TSPY  is  not  only  a  key  candidate 
for  GBY  but  may  also  contribute  to  the  oncogenesis  of  testicu¬ 
lar  seminoma. 
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Note  added  in  proof 

Recently  Stuppia  et  al.  (2000)  have  demon¬ 
strated  by  cloning  and  sequence  analysis  that  the 
PRY  gene  spans  25  kb  in  size  and  contains  5 
exons.  The  functional  copies  of  PRY  are  located 
in  interval  6  on  Yq  while  those  on  Yp  retain  only 
exon  1  and  2  and  are  likely  non-functional. 
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BACKGROUND.  We  have  sought  to  develop  a  new  in  vivo  naodel  of  prostate  carcinogenesis 
using  human  prostatic  epithelial  cell  cultures.  Human  prostate  cancers  frequently  display  DNA 
amplification  in  the  8q24  amplicon,  which  leads  to  an  increase  in  the  copy  number  of  the  c-MYC 
gene,  a  finding  that  suggests  a  role  for  c-MYC  in  human  prostate  carcinogenesis.  In  addition 
overexpression  of  c-MYC  in  transgenic  mouse  models  results  in  prostatic  carcinogenesis. 
METHODS.  We  took  advantage  of  the  ability  of  retroviruses  to  integrate  foreign  DNA  into 
human  prostatic  epithelium  (huPrE)  to  generate  cell  lines  that  overexpress  the  c-MYC 
protooncogene.  These  cells  were  recombined  with  inductive  rat  urogenital  sinus  mesenchyme 
and  grafted  beneath  the  renal  capsule  of  immunocompromised  rodent  hosts. 

RESULTS.  The  resultant  tissue  displayed  a  phenotype  consistent  with  a  poorly  differentiated 
human  prostatic  adenocarcinoma.  The  tumors  were  rapidly  growing  with  a  high  proliferative 
index.  The  neoplastic  cells  in  the  tumor  expressed  both  androgen  receptors  (AR)  and  prostate- 
specific  antigen  (PSA),  both  characteristic  markers  of  human  prostate  cancers.  Microarray 
analysis  of  human  prostatic  epithelial  cells  overexpression  c-MYC  identified  a  large  number  of 
differentially  expressed  genes  some  of  which  have  been  suggested  to  characterize  a  subset  of 
human  cancers  that  have  myc  overexpression.  Specific  examples  were  confirmed  by  Western 
blot  analysis  and  include  upregulation  of  c-Myb  and  decreased  expression  of  PTEN.  Control 
grafts  using  either  uninfected  huPrE  or  using  huPrE  cells  infected  using  an  empty  vector 
expressing  a  green  fluorescent  protein  tag  gave  rise  to  well  differentiated  benign  prostatic 
glandular  ducts. 

CONCLUSIONS.  By  using  a  retroviral  infection  strategy  followed  by  tissue  recombination  we 
have  created  a  model  of  human  prostate  cancer  that  demonstrates  that  the  c-MYC  gene  is 
sufficient  to  induce  carcinogenesis.  ©  2004  Wiley-Liss,  Inc. 
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INTRODUCTION 

Prostate  cancer  is  the  single  most  diagnosed  cancer 
in  men  and  a  major  cause  of  mortality /morbidity 
within  North  America  and  Europe  [1  -3].  The  introduc¬ 
tion  of  routine  PSA  testing  has  resulted  in  earlier 
detection  of  prostate  cancer  and  appears  to  be  resulting 
in  a  decrease  in  disease-specific  death  rates  [4].  While 
certain  proteins  such  as  TSPY  have  been  found  to 
display  altered  expression  in  very  early  cancer  [5],  there 
has  not  been  sufficient  characterization  of  PCa  to 
identify  many  potential  progression  pathways  that 
characterize  prostate  cancer  [6].  Therefore,  unlike  the 
well-characterized  pathway  of  acquired  mutations 
displayed  by  colon  cancer,  there  is  not  a  clearly  defined 
pafhway  for  the  progression  and  development  of  mali¬ 
gnant  disease  in  the  prostate. 

c-MYC  is  a  transcription  factor  that  belongs  to  the 
myc/mad/max  family  of  Basic-helix-loop-helix-zip- 
per  (bHLHZ)  profeins.  Three  closely  related  members 
make  up  the  MYC  family  (c-MYC,  L-MYC,  N-MYC) 
and  although  they  have  very  distinct  patterns  of 
expression,  evidence  exisfs  fhat  the  proteins  are  able 
to  compensate,  to  some  extent,  for  the  loss  of  one  family 
member  [7].  However,  both  c-MYC  and  N-myc  knock¬ 
out  mice  exhibit  embryonic  lethality  [8,9]. 

Myc  forms  a  heferodimeric  transcription  factor 
complex  with  its  partner  Max  [10].  In  this  state  Myc/ 
Max  is  capable  of  binding  to  its  DNA  recognition  site, 
the  so-called  E-box  [core  sequence  (CACGTG)].  Max/ 
Mad  heterodimers  also  bind  the  E-box  and  act  as  trans¬ 
criptional  repressors  presumably  repressing  genes 
induced  by  Myc/Max  [11].  Like  myc,  both  Max  and 
Mad  have  related  family  members,  capable  of  mod- 
ulafing  this  pattern  of  induction/ repression  by  binding 
to  each  other  and  modulating  the  availability  of  the 
E-box.  Myc  also  appears  to  be  capable  of  binding  and 
sequestering  several  other  regulatory  factors  such  as 
Sp-1  and  Miz-1,  causing  transcriptional  modulatory 
effects  not  associated  with  E-box  binding  [12-14]. 

Cell  proliferation,  differentiation,  and  apoptosis  are 
all  responses  regulated  by  myc  expression.  The  Myc 
protein  acts  as  a  cell  activator  that  relies  on  other 
accessory  proteins  to  specify  the  nature  of  the  response. 
The  proliferation  pathway  is  mediated  by  Myc's  ability 
to  activate  several  cyclins,  including  cyclin  E  [15]  and 
cyclin  D2  [16,17].  The  activation  of  cyclin  D2  causes 
sequestering  of  p27’'‘*’  from  cyclin  E  and  driving 
the  cell  into  S  phase.  Myc  also  indirectly  reduces  ex¬ 
pression  of  p21  and  plS'"’^^’’  [18,19],  both  of  which 
are  involved  in  cell  cycle  arrest. 

Myc  overexpression/ deregulation  has  been  impli¬ 
cated  in  numerous  neoplastic  transformations  both  in 
human  disease  and  transgenic  mouse  models  [20-28]. 
Eurthermore,  inactivation  of  the  myc  gene  has  been 


shown  to  elicit  regression  of  Myc-induced  tumors  in  the 
absence  of  novel  mutations  [23,29,30]. 

c-MYC  was  the  first  oncogene  to  be  recognized  as 
being  overexpressed  in  human  prostate  cancer  [28]. 
However,  the  precise  role  played  by  c-MYC  in  human 
prostate  cancer  is  unclear  in  part  due  to  the  amplifica¬ 
tion  of  the  8q24  amplicon.  This  amplicon  is  particularly 
rich  in  genes,  several  of  which  [e.g.,  c-MYC  [31],  NOV 
[nephroblastoma  overexpressed  gene],  E1E3S3  [eukar¬ 
yotic  translation  initiation  factor  3  subunit  3],  HAS2 
[hyaluronan  synthase2]  [32],  KIAA0196  [33],  and 
PSCA  [34]]  are  expressed  in  prostate  and  have  either 
oncogenic  or  tumor  suppressor  potential.  EISH  analysis 
has  identified  amplification  of  fhe  8q24  amplicon 
[32,35-37]  in  a  large  percentage  of  human  adenocarci¬ 
nomas  [38,39]  and  some  prostate  intraepithelial  neo¬ 
plasias  (PIN)  [37]. 

Mouse  models  of  prostatic  neoplasia  have  been 
generated  in  which  the  c-MYC  gene  was  expressed 
from  eifher  the  probasin  promoter  [20]  or  C(3)l 
promoter  [22].  Two  probasin  promoter  variants  were 
used  in  one  study;  these  promoters  share  the  same 
prostate  specificity  but  differ  in  promoter  activity.  Both 
the  Hi-Myc  (ARR2PB-myc)  and  Low-Myc  (sPB-myc) 
animals  develop  mouse  PIN  (mPIN)  and  invasive 
carcinoma  but  the  time  to  development  and  progres¬ 
sion  differs  by  approximately  6  months  [20].  While 
these  probasin-Myc  transgenic  mice  apparently  pro¬ 
gress  from  mPIN  to  prostatic  adenocarcinoma  the 
relationship  of  PIN  to  adenocarcinoma  in  humans 
remains  unsubstantiated.  The  C(3)l  promoter  is  a 
weaker  promoter  than  the  probasin  constructs.  Mice 
carrying  the  C(3)l-Myc  transgene  fail  to  develop 
adenocarcinoma  within  their  lifetime  although  they 
do  develop  mPIN-like  lesions  [22].  These  data  suggest 
that  a  low  level  of  myc  expression  correlafes  with  mPIN 
development  while  the  progression  to  adenocarcinoma 
requires  elevated  c-MYC  levels. 

Given  that  c-MYC  is  reported  to  be  overexpressed 
and  the  gene  amplified  in  human  prosfate  cancer,  and 
because  transgenic  mouse  models  overexpressing 
c-MYC  in  the  prostate  have  a  dose  related  progression 
towards  malignancy,  we  decided  to  test  the  ability  of 
cMYC  fo  fransform  human  prostafic  epithelium.  To  do 
so  in  vivo  a  tissue  recombination  model  was  used  to 
follow  prostatic  carcinogenesis  in  response  to  over¬ 
expression  of  c-MYC. 

MATERIALS  AND  METHODS 
Human  Cell  Culture 

Human  prostate  tissue  samples  were  obtained  from 
the  Vanderbilt  Tissue  Acquisition  Core  via  the  Depart¬ 
ment  of  Pafhology  in  accordance  with  Vanderbilt  IRB 
protocols.  Cores  6  mm  in  diameter  were  removed  from 
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radical  prostatectomy  samples  and  were  sampled  by 
histologic  analysis  on  frozen  sections  to  determine  the 
nature  (benign  vs.  malignant  vs.  severe  inflammation) 
of  fhe  tissue  contained  within  the  core. 

Benign  tissue  was  cut  into  2  mm  cubes  using  sterile 
scalpels.  After  washing  in  RPMl  (Gibco,  Carlsband, 
CA)  5%  PCS  (Atlanta  Bioscience  Atlanta,  GA)  the  tissue 
was  plated  on  Primaria™  tissue  culture  flasks  with 
sufficient  medium  to  wet  the  plate  and  create  a  strong 
surface  tension  (1.2  ml/25  cm^).  After  cell  attachment 
had  taken  place  (~12  hr)  the  volume  of  medium  was 
increased.  Tissue  obfained  from  fissue  recombination 
grafts  was  reintroduced  into  culture  in  an  identical 
manner. 

Tissue  Culture  Medium 

Tissue  culture  medium  for  human  prosfatic  epifhe- 
lial  cells  (huEpi  mix)  consisted  of:  [RPMl  1640, 1%  ITS 
(Insulin  Transferrin  Selenium),  1%  Antibiotic /Anti¬ 
mycotic  (all  from  Gibco)],  2.5%  charcoal  stripped  serum 
(Atlanta  Bioscience),  BPE  (Bovine  Pituitary  Extract) 
1:250  (Hammond  Gell  Tech,  Winsor  GA),  Cholera  toxin 
(1  pg/ml),  and  Epidermal  Growth  Factor  (0.01  pg/ml) 
(Sigma,  St.  Louis,  MO). 

LZRS  Retroviral  Plasmid  Construct 

The  plasmid  LZRS  c-MYC/EGEP  (Fig.  1)  was 
constructed  utilizing  the  LZRS-EGFP  backbone  (Nolan 
Laboratory,  Stanford,  CA).  The  CMV  promoter  was 
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excised  from  plRES-EGFP  (Clonfech,  Palo  Alfo,  CA)  as 
a  Bglll/BamHI  fragment.  The  fragment  was  ligated 
into  the  BamHI  site  of  fhe  LZRS-EGFP  backbone  fo 
give  C7A. 

The  human  c-MYC  cDNA  clone  (BC000917)  was 
obtained  from  ATCC  (Rockville,  MD)  and  amplified  by 
PGR  using  a  5'  primer  specific  fo  translational  start  site 
and  a  3'  primer  containing  an  Xhol  restriction  site  and 
the  consensus  sequence  for  fhe  franslational  stop  site 
with  subsequent  deletion  of  any  polyadenylafion  sites. 
After  PER  amplification,  the  product  was  gel  purified, 
and  cloned  into  poem  T-Easy  (ProtOgO,  Madison,  Wl). 
Pollowing  DNA  sequence  verification  of  fhe  cloned 
producf  the  c-MYC  coding  region  was  excised  using 
EcoRl/XhoI  and  sub  cloned  into  the  EcoRl/Xhol  sites 
of  pLZRS-EGPP  to  give  C7-Myc. 

Viral  Production 

Amphotrophic  4)NXA  packaging  cells  were  obtain¬ 
ed  from  ATCC  [under  an  MTA  from  the  Nolan  labo¬ 
ratory  Stanford  (www.stanford.edu/group/nolan)]. 
These  cells  were  mainfained  in  5%  PCS /RPMl  1,640 
wifh  antibiotic  surveillance.  The  (|)NX  packaging  cell 
lines  were  reselected  with  both  hygromycin  B  and 
diphtheria  toxin  (Sigma)  every  3-4  months.  The  LZRS 
retroviral  constructs  were  transfected  into  4)NX  cells 
that  were  70% -80%  confluent.  Routine  transfection 
took  place  using  25  cm^  flasks.  Lipofecfamine  2000 
(Invitrogen,  Grand  Island,  NY)  was  optimally  used  at  a 
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Fig.  I.  Retroviral  constructs,  control  vector  C7A  and  LZRS  C7-MYC/EGFR  pLZRS  is  a  retroviral  vector  derived  from  the  Moloney  murine 
Leukemia  virus  (MoMuLV). The  gene  of  interest  (c-MYC)  and  the  Enhanced  Green  Fluorescent  Protein  (EGFP)  are  expressed  from  a  bicistronic 
message  under  the  control  of  the  cmv  promoter.  The  5'  viral  LTR  controls  expression  of  the  transcript  that  contains  T'  (the  extended  viral 
packaging  signal). The  retroviral  particle  contains,  and  integrates  into  the  genome,  only  the  genetic  information  between  and  including  the  5' 
and  3'  LTRs’.  pLZRS  does  not  contain  the  structural  genes  necessary  for  viral  formation  and  replication,  these  are  provided  by  the  packaging  cell 
line  cj)  NX.  Other  components  of  pLZRS  such  as  the  puromycin  resistance  gene  and  EBNA  (EBVepisomal  functions)  contribute  to  stability  and 
selection  of  the  plasmid  in  the  packaging  cell  line.  pLZRS  also  includes  the  pUC  origin  of  replication  and  E.  coli  Amp  gene  for  propagation  and 
antibiotic  selection  in  bacteria. 
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final  concentration  of  3  p,!/ ml  according  to  manufac¬ 
ture's  protocols.  Eight  hours  post  transfection  the  4>NX 
cells  were  given  fresh  RPMI/5%  ECS  and  incubated 
overnight  at  37°C.  Viral  supernatant  was  removed  in 
the  morning  and  the  cells  split  if  necessary  and  moved 
to  a  32°C  incubator  to  ensure  greater  viral  stability.  The 
viral  supernatant  was  spun  at  3,000  rpm  and  passed 
through  a  45  pm  filter  to  ensure  the  absence  of 
contaminating  (jjNX  cells.  The  viral  supernatant  was 
then  supplemented  with  4  pg/ml  Polybrene  (hexadi- 
methrine  bromide.  Sigma)  and  either  stored  at  — 70°C 
or  used  immediately. 

Viral  Infection 

The  viral  supernatant  containing  the  c-MYC/EGEP 
or  C7-delta  control  retrovirus  was  diluted  1:1  with 
huEpi  mix  that  was  double  strength  with  respect  to  the 
added  constituents  and  the  polybrene  concentration 
was  corrected  to  4  pg/ml.  The  viral  medium  was  then 
placed  on  the  huPrE  cells  (three  patients  from  which 
both  TZ  and  PZ  cores  were  put  into  independent 
culture  dishes  in  duplicate)  in  culture  and  replaced  8  hr 
later.  Primary  cells  were  incubated  at  37°C  as  their 
rate  of  cell  division  was  severely  compromised  at  32°C, 
the  increased  stability  of  the  viral  particles  at  32°C 
therefore  could  not  be  utilized  when  working  with 
huPrE  but  proved  useful  when  certain  immortal  cell 
lines  were  infected,  data  not  shown.  Successive  rounds 
of  infection  over  5  days  were  employed  to  generate 
infected  cells.  Owing  to  the  growth  patterns  of  the 
huPrE  we  found  that  daily  infection  would  ensure 
the  presence  of  virus  during  the  initial  outgrowth  of 
cells  and  therefore  generate  the  maximum  number  of 
infected  cells.  Infection  rates  were  monitored  using 
fluorescence  microscopy  of  the  bicistronic  EGEP  tag. 
After  infection  the  cells  were  maintained  in  culture 
until  use.  The  cells  were  examined  by  a  clinical  patho¬ 
logist  to  assess  any  phenotypic  differences  in  the 
infected  cells. 

Culture  of  Infected  Cells 

Eollowing  infection,  a  proportion  of  the  cells  were 
used  as  a  source  of  epithelium  in  tissue  recombinants. 
The  remaining  cells  were  maintained  in  culture  for  a 
further  16  passages  with  batches  frozen  in  liquid  nitro¬ 
gen  at  different  points.  All  remaining  cells  were  frozen 
after  passage  16.  Cells  were  examined  for  the  continued 
expression  of  the  EGEP  tag  using  fluorescence  micros¬ 
copy;  expression  of  AR,  PSA,  and  c-MYC  was  mon¬ 
itored  using  Western  blot  analysis. 

Tissue  Recombination 

Tissue  recombinants  were  prepared,  as  previously 
described  [40,41].  Briefly,  pregnant  rats  were  obtained 


from  Harlan  (Harlan,  Indianapolis).  Rat  urogenital 
sinus  mesenchyme  (UGM)  was  prepared  from  18-days 
embryonic  fetuses  (plug  date  denoted  as  day  0). 
Urogenital  sinuses  were  dissected  from  fetuses  and 
separated  into  epithelial  and  mesenchymal  compo¬ 
nents  by  tryptic  digestion,  as  previously  described. 
UGM  was  then  further  reduced  to  single  cells  by  a 
90  min  digestion  at  37°C  with  187  U/ml  collagenase 
(Gibco).  hollowing  digestion,  the  cells  were  washed 
extensively  with  RPMI-1640  tissue  culture  medium. 
Viable  cells  were  then  counted  using  a  hemacytometer, 
with  viability  determined  by  trypan  blue  exclusion. 
Epithelial  cells  were  released  from  tissue  culture  plates 
using  trypsin.  Trypsin  was  neutralized  and  the  cells 
washed  and  counted  using  a  hemacytometer.  Cell 
recombinants  were  prepared  by  mixing  100,000  epithe¬ 
lial  cells  with  300,000  stromal  cells.  Cells  were  pelleted 
and  resuspended  in  50  pi  of  neutralized  type  1  rat  tail 
collagen  prepared  as,  previously  described  [42].  The 
recombinants  were  allowed  to  gel  at  37°C  for  15  min 
and  were  then  covered  with  growth  medium  and 
cultured  overnight.  They  were  then  grafted  beneath 
the  renal  capsule  of  adult  male  severe  combined 
immunodeficient  (SCID)  mice  [C.B.17/IcrHsd-scid 
mice  (Harlan)]. 

Subcutaneous  Grafting 

Epithelial  cells  (100,000)  were  pelleted  and  resus¬ 
pended  in  50  pi  of  neutralized  type  1  rat  tail  collagen 
prepared,  as  described  previously  [42]  and  placed 
under  the  skin  of  adult  male  SCID  mice  [C.B.17/ 
IcrHsd-scid  mice  (Harlan)].  Some  of  these  subcutaneus 
grafts  were  surrounded  in  matrigel  (BD  Biosciences, 
Bedford,  MA)  at  the  time  of  grafting. 

Tissue  Recovery,  Fixation,  and  Processing 

Mice  were  sacrificed  by  Isoflurane  inhalation  fol¬ 
lowed  by  cervical  dislocation  according  to  Vanderbilt 
animal  care  protocols.  The  kidney  and  attached  graft 
together  with  internal  organs  were  removed  and 
examined  at  the  gross  level.  The  c-MYC  grafts  owing 
to  their  substantial  size  were  divided  into  several 
pieces.  Those  fragments  containing  the  kidney  were 
fixed  in  10%  neutral  buffered  formalin,  as  were  the 
internal  organs  of  the  host.  The  remaining  tissue  was 
then  divided  to  give  representative  portions  for 
(1)  RNA  extraction,  (2)  Protein  extraction,  and  (3)  for 
further  tissue  culture.  Tissue  destined  for  RNA  extrac¬ 
tion  was  cut  into  small  pieces  and  immersed  in  RNA 
LATER  (Ambion,  Austin,  TX)  according  to  manufac¬ 
turer's  instructions.  Tumor  tissue  for  protein  extraction 
was  snap  frozen  on  dry  ice  and  stored  at  — 70°C  until 
required.  The  third  portion  of  the  tumor  was  removed 
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for  tissue  culture  or  frozen  [43]  to  allow  extraction  of 
viable  cells. 

Culture  of  Tumor-Derived  Epithelial  Cells 

Tumor  tissue  was  minced  and  placed  in  culture  in  a 
minimal  volume  of  tissue  culture  medium  (as  per 
primary  culture).  Cells  were  passaged  using  trypsin 
and  then  frozen.  Continued  transduced  gene  expres¬ 
sion  in  these  cells  was  confirmed  by  fluorescence 
microscopy  to  detect  the  expression  of  EGFP  and  by 
Western  blotting  to  confirm  continued  expression  of 
c-MYC. 

Antibodies 

For  immunolocalization  studies  the  following  anti¬ 
sera  were  used.  Androgen  receptors  (AR)  were 
detected  using  a  rabbit  polyclonal  antibody  (sc-816) 
raised  against  a  peptide  within  the  N-terminal  domain 
of  hAR,  FGFP  was  detected  using  a  mouse  monoclonal 
to  the  full  length  GFP  that  detects  all  GFP  variants 
(sc-9996).  c-Myb  (sc-8412),  PTEN  (sc-7974sc-9996),  p63 
(sc-8343)  (Santa  Cruz  Biotechnology,  Santa  Cruz,  CA). 
c-MYC  was  detected  using  a  mouse  monoclonal 
(NCL-c-MYC)  raised  against  full-length  recombinant 
human  protein  obtained  from  Novocastra  (Burlingam, 
CA).  Ki67  (M-7240),  PSA  (A-0562),  broad-spectrum 
Keratin  antibodies  (Z-0622)  were  obtained  from  DAKO 
(Carpinteria,  CA),  and  keratin  8,  14,  and  18  [clones 
LE41,  LLOOl,  and  LE61  gifts  from  Prof.  E.B.Lane, 
Dundee  University,  UK  [44,45]]. 

Protein  Extraction 

Tissue  extracts  of  human  prostate  epithelial  cells 
maintained  in  tissue  culture  for  one  passage,  and  c- 
MYC  infected  huPrE  cells  were  prepared  by  homo¬ 
genization  in  400  pi  cold  buffer  A  (10  mM  HEPES  pH 
7.9;  10  mM  KCl:  0.1  mM  EDTA;  0.1  mM  EGTA;  0.1  mM 
DTT;  1 X  protease  complete  (Roche,  Indianapolis,  IN). 
The  cells  were  allowed  to  swell  on  ice  for  15  min,  after 
which  25  pi  of  a  10%  solution  of  Nonidet  NP-40  (Sigma) 
was  added  and  the  tube  vortexed  vigorously  for  10  sec. 
The  homogenate  was  then  centrifuged  for  30  sec  in  a 
Microfuge.  The  supernatant  was  snap  frozen  and 
stored  at  — 70°C. 

Western  Blotting  Analysis 

Tissue  extracts  from  huPrE  epithelial  cells  grown  in 
culture  and  their  c-MYC  infected  counterparts  as  well 
as  extracts  from  the  BPHl  prostatic  epithelial  cell  line 
were  run  on  denaturing  mini  gels  containing  an 
acrylamide  gradient  from  4%-20%  (w/v)  polyacryla¬ 
mide  (Invitrogen).  Gels  were  run  in  MOPS/SDS 
running  buffer  (50  mM  3-[N-morpholino]  propane 


sulfonic  acid  [MOPS],  50  mM  Tris  base,  0.1%  SDS, 
1 .025  mM  EDTA  [pH  7.7]  for  35  min  at  200  mA.  Samples 
were  blotted  onto  PVDF  membrane  (Invitrogen)  using 
transfer  buffer  (25  mM  bicine,  25  mM  Bis-Tris,  1 .025  mM 
EDTA,  50  nM  chorobutanol  [pH  7.2]  (Invitrogen)  in  the 
mini  gel  tank  according  to  the  manufacturers  instruc¬ 
tions.  Thereafter,  membranes  were  blocked  for  2-3  hr 
at  room  temperature  in  BLOTTO  (5%  nonfat  dried 
milk  powder  [Difco])  dissolved  in  Phosphate  buffered 
saline  (Sigma)  containing  0.1%  Tween-20  (PBST). 
Membranes  were  incubated  overnight  in  Blotto  with 
the  any  one  of  the  antibodies  (anti  c-MYG  1:800,  AR 
1:1,000,  c-Myb  1:600,  GFP  1:2,000,  E-Cad  1:1,000,  PTEN 
1:800).  Bound  antibodies  were  detected  using  ap¬ 
propriate  secondary  antibodies  (1:4,000  peroxidase 
conjugated  Donkey  anti  rabbit/Sheep  anti  mouse 
[Amersham  Pharmacia  Biotech,  Piscataway,  NJ]  and 
1:2,000  rabbit  anti  goat  [Santa  Cruz])  and  the  enhanced 
chemiluminescence  visualization  system  (Amersham 
Pharmacia  Biotech)  according  to  the  manufacturer's 
instructions. 

Immunohistochemistry 

Deparaffinized,  slide  mounted  sections  were  rehy¬ 
drated  and  then  subjected  to  heat  induced  antigen 
retrieval  using  the  commercial  retrieval  buffer  (H-3300) 
from  Vector  Laboratories,  Brlingham,  CA.  The  sections 
were  microwaved  for  15  min  at  a  power  that  ensured 
continuous  but  not  excessive  boiling.  Slides  were  per¬ 
mitted  to  cool  to  room  temperature  prior  to  incubation 
with  3%  hydrogen  peroxide  in  methanol  for  15  min 
to  block  endogenous  peroxidase.  After  washing  in 
PBS  the  slides  were  blocked  in  Clean  Vision™  from 
ImmunoVision  Technologies  for  15  min.  This  blocking 
optimized  the  use  of  monoclonal  antibodies  on  tissue 
recombinants  in  which  an  immunocompromised 
mouse  host  was  the  graft  host.  The  antibodies  towards 
GFP  (Santa  Cruz,),  Ki67,  PSA,  and  broad  spectrum 
Keratin  (DAKO)  were  all  used  at  1:200  (p63  used  at 
1:1,000)  [diluted  in  1:4  normal  swine  serum  (broad 
spectrum  Keratin,  PSA,  p63)  or  normal  rabbit  serum 
(GFP,  Ki67,  keratins  8,  14,  18)  in  PBS/5%  BSA].  All 
antibodies  were  incubated  on  sections  overnight  at  4°C. 
Sections  were  then  incubated  with  the  appropriate 
biotinylated  secondary  antibodies  for  1  hr.  [Broad 
spectrum  Keratin,  p63  and  PSA,  swine  anti  rabbit 
(DAKO),  and  for  GFP,  keratin  8, 14, 18  and  Ki67  rabbit 
anti  mouse,  (DAKO),  both  of  which  were  diluted  1 :500 
in  the  appropriate  normal  serum  (see  above)].  After 
appropriate  washing  steps  the  sections  were  incubated 
in  ABC-HRP  complex  (Vector)  for  30  min  and  washed 
extensively.  Bound  antibodies  were  then  visualized  by 
incubation  with  3,3'-diaminobenzidine  tetrahydro- 
chloride  (liquid  DAB,  DAKO).  Sections  were  counter- 
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stained  with  hematoxylin.  Images  were  captured  onto  a 
computer  using  a  Zeiss  microscope  equipped  with  an 
AxioCam  camera  (Zeiss)  and  software. 

Identification  in  Histological  Sections  of  Species 
Origin  of  Cells  in  aTissue  Graft 

Staining  with  the  Hoechst  33258  dye  (Sigma)  was 
performed,  as  previously  described  [46].  The  Hoechst 
dye  Sections  were  examined  by  fluorescence  micro¬ 
scopy.  Host  mouse  cells  contain  several  small  discrete 
intranuclear  fluorescent  bodies,  which  are  absent  in 
cells  from  eifher  rat  or  human  allowing  us  to  confirm 
that  the  tumor  is  not  derived  from  the  host  mouse. 

RNA  Isolation 

Tissue  was  rapidly  excised  from  the  outer  portions 
of  the  graft  and  placed  in  lOx  v/v  RNA  LATER 
(Ambion,  Austin,  TX).  The  tissue  was  then  refrigerated 
prior  to  use  1  -5  days  after  removal  from  the  host.  The 
tissue  was  dissected  in  a  Petri  dish  containing  RNA 
LATER  to  remove  any  kidney  tissue  (none  was  actually 
visible  in  any  of  the  tissues)  or  obviously  necrotic  tissue 
(this  tissue  was  very  soft  and  white,  resembling  cotton 
candy). 

RNA  was  isolated  using  the  Qiagen  mini  RNA 
Easy  kit  according  to  the  manufacturers  instructions 
(Qiagen,  Valencia,  CA).  The  RNA  was  DNAse  treated 
again  using  Qiagen  reagents  as  detailed  in  the  RNA 
easy  protocol.  The  RNA  concentration  was  then  deter¬ 
mined  spectrophotometrically  and  the  RNA  aliquoted 
and  snap  frozen  at  — 70°C. 


RNA  Labeling  and  Hybridization 

All  RNA  and  cDNA  manipulations  and  cDNA  array 
hybridizations  were  undertaken  by  technical  support 
staff  within  the  Vanderbilt  Microarray  Shared  Resource 
(http://array.mc.vanderbilt.edu)  using  the  protocols 
outlined  on  their  website  http:/ /array. me. vanderbilt. 
edu/ support/ protocols.htm.  The  use  of  tissue  culture 
cells  permitted  the  use  of  the  standard  cDNA  labeling 
without  amplification  of  the  RNA.  The  microarray  used 
for  our  experiments  was  the  human  IIK  comprised  of 
the  Research  Genetics  human  clone  set. 

cDNA  Array  Analysis 

Data  was  normalized  by  Lowess  sub  grid  and  Gene 
Fix  Pro  Software  was  used  to  analyze  differentially 
expressed  genes  between  the  two  analysis  groups.  The 
groups  consisted  of  huPrE  grown  in  culture  and  in¬ 
fected  with  the  LZRS-myc  virus. 

RESULTS 

Infection  of  Hupre  With  a  Retrovirus  Containing 

C-Myc/Egfp  Elicits  Phenotypic  Changes  In  Vitro 

The  huPrE  cells  grown  on  tissue  culture  plastic  have 
a  characteristic  cobblestone  appearance  (Eig.  2).  The 
presence  of  high  levels  of  cholera  toxin  severely  sup¬ 
pressed  fibroblastic  growth  resulting  in  an  almost  pure 
epithelial  cell  population,  as  determined  by  visual 
examination.  The  rate  of  emergence  of  epithelial  cell 
sheets  from  individual  tissue  fragments  was  highly 
variable  both  with  respect  to  'flask  fo  flask'  variation¬ 
using  tissue  from  a  single  patient  and  with  respect  to 


Fig.  2.  Phase  contrast  photomicrograph  of  human  prostate  epithelium  in  cell  culture  4  days  after  infection  (Left  panel).  Note  the  typical 
cobblestone  morphology  in  lower  left  hand  side  compared  to  the  denser  cells  present  in  the  upper  right  hand  side.  (Middle  panel)  Fluorescent 
image  of  human  prostate  epithelium  culture  4  days  post  infection.  Note  that  approximately  one  half  of  the  cultured  cells  strongly  express  EGFP 
due  to  infection  by  the  C7-Myc  retrovirus.  (Right  panel)  overlay,  confirming  that  the  small  densely  packed  cells  express  EGFP  while  those  with  the 
cobblestone  morphology  do  not. 
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'patient  to  patient'  variation.  Infection  was  started  on 
day  2  in  culture  regardless  of  the  presence/ absence  of 
visible  epithelial  cell  outgrowths.  After  2-5  rounds  of 
infection  a  very  large  number  of  cells  (20%-40%)  on  fhe 
margins  of  the  growing  sheet  of  epifhelial  cells  exp¬ 
ressed  EGFP,  suggesfing  an  extremely  efficient  infec¬ 
tion.  At  this  point,  infection  was  halted  and  the  cells 
allowed  to  proliferate  for  72  hr.  The  cultured  cells 
displayed  an  altered  morphology.  Instead  of  a  uniform 
monolayer  of  epithelial  cells  with  a  cobblestone  appear¬ 
ance,  there  were  discreet  nests  of  tightly  packed  cells. 
The  nests  had  well  defined  borders  and  were  surround¬ 
ed  by  cells  displaying  the  expected  normal  phenotype 
(Fig.  2).  When  visualized  on  an  inverted  fluorescent 
microscope  the  nests  displayed  uniform  FGFP  fluores¬ 
cence  while  fhe  surrounding  cells  did  not  express 
EGFP. 

All  of  fhe  c-MYC/EGFP  infecfed  cell  culfures 
observed  (fhree  patients  from  which  both  TZ  and  PZ 
cores  were  put  into  independent  culture  dishes  in 
duplicate,  a  total  of  12  independent  cultures)  exhibited 
similar  morphological  changes.  The  cells  were  irregu¬ 
lar  in  shape  and  markedly  smaller,  the  cytoplasm  to 
nuclear  ratio  was  decreased,  and  the  nucleus  was  in 
many  cases  irregular  in  shape  with  prominent  nucleoli. 
The  cells  also  formed  multiple  layers  wifhin  the  nests, 
and  many  non-adherent  viable  cells  were  observed. 
The  'nest'  phenomenon  was  observed  until  the  cultures 
were  trypsinized  and  split.  Subsequent  cultures  initially 
displayed  both  phenotypes  of  cells  buf  the  mor¬ 
phologically  normal  cells  were  rapidly  lost  as  the 
EGFP-expressing  epithelial  cells  rapidly  colonized 
the  tissue  culture  plates.  Within  10  days  the  entire 
culture  consisted  of  EGFP  expressing  cells  that  varied 
widely  in  their  fluorescence  (and  by  subsequenf  analysis 
c-MYC  expression).  Over  time  the  EGFP  expression 
became  more  uniform  buf  a  range  of  EGFP  expression 
has  always  been  observed  fhroughout  fhe  cultures.  This 
suggests  that  the  cultures  represent  a  variety  of  clones 
resulting  from  multiple  initial  infections. 

HuPrE  infected  with  the  LZRS  C7A  (the  'empty 
vector')  exhibited  normal  cobblestone  morphology  and 
typically  infect  with  relatively  low  efficiency  <1%  af 
low  passage  number,  the  control  infections  are  less 
efficient  than  infections  with  the  C7-Myc  retrovirus. 
The  Green  EGFP  infected  cells  were  indistinguishable 
from  fheir  uninfected  neighbors  under  phase  contrast 
and  could  only  be  identified  by  EGFP  expression.  The 
C7A-infected  cells  could  be  passaged  a  maximum  of 
five  times  before  they  became  senescent. 

The  C7  Myc  infected  cells  were  maintained  through 
16  passages  and  showed  no  signs  of  senescence  during 
this  period.  They  continued  to  express  both  EGFP  and 
c-MYC  as  well  as  prostatic  epithelial  markers  including 
AR  and  PSA. 


Hupre/C-Myc-Egfp  Plus  Rugm Tissue  Recombinants 
Form  Rapidly  Growing  Adenocarcinomas 
Expressing  Human  Prostatic  Markers 

Tissue  recombinants  of  huPrE  and  rUGM  were 
prepared.  Confrol  graffs  confained  eifher  uninfected  or 
C7-A-infected  epithelium.  Recombinants  using  C7-myc 
contained  different  percentages  of  c-MYC-infecfed 
cells  (from  10%  fo  50%  dependent  on  the  time  post 
infection  that  the  cells  were  grafted).  All  grafts  were 
composed  of  100,000  epithelial  cells  and  300,000  rUGM 
cells.  Host  mice  carrying  myc-expressing  grafts  were 
sacrificed  affer  28  days  due  to  the  large  size  of  fhe  graff, 
which  exceeded  fhe  size  of  fhe  normal  kidney  (Fig.  3). 
Recombinanfs  composed  of  C7A  PrE  and  rUGM 
graffed  fo  fhe  confralateral  kidneys  of  experimental 
hosts  were  very  small  and  poorly  developed  at  28  days 
post  grafting.  In  separate  experiments,  using  a  3-month 
time  point  fully  differentiated  prostatic  structures 
expressing  PSA  and  AR  were  seen.  Gontrol  grafts 
maintained  a  benign  histology  throughout  (Fig.  3).  The 
phenotype  and  timing  of  developmenfal  evenfs  in  these 
control  grafts  is  consistent  with  previously  published 
results  using  human  prostatic  epithelial  organoids  [47] . 

Initial  inspection  of  the  large  c-MYC  expressing 
grafts,  indicated  several  very  large  blood  vessels  locat¬ 
ed  on  the  surface  of  the  graft  and  areas  of  whife  necrotic 
tissue  in  areas  devoid  of  obvious  blood  vessels  (Fig.  3). 
The  kidney  tissue  was  readily  apparent  upon  subse¬ 
quent  dissection  and  was  essentially  normal. 

C7-Myc  cells  grafted  subcutaneously  into  the  flank 
of  SCID  mice  developed  large  fumors  after  6  weeks 
(data  not  shown)  that  were  indistinguishable  from  C7- 
Myc  recombined  with  rUGM.  The  slightly  longer  time 
frame  probably  reflects  the  slower  recruitment  of  blood 
vessels  fo  a  subcufaneous  graft  site  compared  to  the  sub 
renal  graft  site. 

Thin  smears  of  surface  cells  from  fhe  fumors  exp¬ 
ressed  EGFP  when  exposed  to  fluorescent  light  (data 
not  shown).  These  cells  were  placed  into  tissue  culture 
to  confirm  EGFP  expression  and  their  human  origin. 

Expression  from  fhe  CMV  promoter  is  maintained 
throughout  the  growth  of  the  graft.  We  have  previously 
observed  promoter  downregulation  (unpublished 
data)  in  cells  carrying  genes  under  the  CMV  promoter 
introduced  via  retroviral  integration  possibly  via 
methylation  events  consistent  with  those  described  in 
transgenic  mice  [48,49].  The  EGFP  levels  within  the 
cells  placed  into  reculture  maintained  a  range  of  EGFP 
expression  consistent  with  cultures  prior  to  grafting 
suggesting  that  such  repression  had  not  occurred  in 
these  tumors. 

In  all  the  huPrE/ c-MYC  tumors  the  grafts  consisted 
of  cells  strongly  staining  with  hematoxylin.  The  cells 
characteristically  exhibited  large  irregular  nuclei,  pro- 
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Fig.  3.  Gross  anatomy  of  mouse  kidney  with  a  c-MYC  overexpressing  prostate  epithelial  cell  recombinant  xenograft  (top  left).  Note  the  enca¬ 
sement  of  the  kidney  by  the  tumor  (black  arrow).The  control  kidney  carrying  the  C7A  PrE/rUGM  graft  is  displayed  on  the  right,  the  small  xeno¬ 
graft  is  barely  visible  (red  arrow).  Photomicrograph  showing  the  poorly  differentiated  c-MYC  expressing  human  prostatic  tumors  (middle/ 
bottom  panel)  strongly  express  enhanced  green  fluorescent  protein  (middle  left)  PSA  [(center)*  indicates  necrotic  tissue].The  high  mitotic  rate 
observed  in  the  tumor  was  confirmed  by  a  very  high  indexof  statining  with  Ki67  (middle  right).  Bottom  panel  (left  to  right)  AR,  and  p63. 


minent  nucleoli,  and  dense  cytoplasm.  A  large  number 
of  dividing  cells  were  present  in  a  single  field  and  many 
of  the  mitotic  figures  were  clearly  abnormal  (Fig.  3).  No 
fibromuscular  stroma  was  present  in  the  grafts  nor  was 
any  apparent  at  the  graft  extremities.  Irregular  areas  of 
necrotic  tissues  extended  throughout  the  grafts  and 
predominated  in  the  interior,  but  did  not  interfere  with 
the  kidney.  Areas  of  living  tissue  surrounded  the  few 


blood  vessels  that  populated  the  graft  interior.  Im- 
munohistochemical  analysis  of  the  C7-myc  induced 
tumors  revealed  that  these  retained  expression  of  two 
key  markers  of  prostate  tissue,  AR  and  PSA.  In  addition 
the  tumors  expressed  EGFP  confirming  their  origin. 
Tumors  expressed  keratins  8  and  18  and  lacked  p63  and 
keratin  14  staining  suggesting  a  luminal  rather  than 
basal  cell  origin.  This  is  consistent  with  the  profile  seen 
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in  human  prostate  cancer.  The  proliferation  rate  of  fhe 
cells  was  extremely  high  as  indicated  by  the  almost 
universal  presence  of  Ki67  in  the  nuclei  (Fig.  3).  This 
was  consistent  with  the  observation  of  extremely  rapid 
tumor  growth. 

No  infiltration  was  observed  into  the  kidney,  a  well 
dealinated  border  was  observed  and  the  kidney 
morphology  was  normal  with  no  obvious  compression 
or  damage  (Fig.  3).  Hoechst  33258  staining  confirmed 
that  none  of  the  epithelial  cells  observed  were  of  mouse 
origin  and  thaf  no  'non  mouse'  cells  were  present  in  the 
kidney  (data  not  shown).  Some  areas  displaying  p63 
positive  cells  were  observed  within  the  graft,  these 
were  determined  (by  a  trained  pathologist)  to  be 
mouse  kidney  structures  caught  in  cross  section, 
providing  a  good  internal  positive  control  for  fhe 
fumor  cells,  which  were  universally  negative  for  basal 
cell  markers  (Fig.  3). 

Molecular  Characteristics  of  Tumor-Derived  Cells 

A  microarray  analysis  comparison  of  the  cells  deriv¬ 
ed  from  fhe  C7-myc  fumors  and  of  primary  epithelial 


cultures  from  the  same  patient  revealed  a  number  of 
changes  (Table  1).  As  mighf  be  expected  many  genes 
were  seen  to  be  regulated  in  response  to  c-MYC 
overexpression.  Attention  in  this  analysis  was  focused 
upon  genes  known  to  be  regulated  in  tumors.  Of 
particular  note  was  the  observation  that  PTEN  and 
E-cadherin  expression  was  seen  to  be  suppressed  and 
c-Myb  expression  was  observed  to  be  upregulated  in 
the  tumorigenic  cells.  This  observation  was  confirmed 
by  Western  blotting  to  examine  expression  of  these 
proteins  (Fig.  5).  Western  blotting  analysis  also  con¬ 
firmed  the  continued  overexpression  of  c-MYC,  and  fhe 
expression  of  both  AR  and  EGFP. 

DISCUSSION 

The  present  study  demonstrates  that  c-MYC  over¬ 
expression  is  sufficient  to  drive  normal  human  pro¬ 
static  epithelium  to  a  metastatic  tumor  within  a  tissue 
recombination  model.  Retroviral  infection  of  normal 
prosfafe  epithelium  with  the  EGFP  expressing  empty 
vector  resulted  in  benign  prostatic  architecture  indicat¬ 
ing  that  MYG  overexpression  not  infection/ integration 


Fig.  4.  Histopathologic  appearance  of  metastatic  lesions.  Multiple  metastatic  lesions  were  found  in  mice  as  focal  growths  predominantly 
following  the  line  of  the  intestinal  tract.  H&E  high  magnification  of  tumor  immediately  adjacent  to  the  intestine  (left  panel  top  &  bottom).  Low 
magnification  composite  (right  panel)  showing  three  metastatic  nodules  that  were  attached  to  the  host  mouse  Intestine. 
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TABLE  I.  Microarray  Data  Set  of  mRNA  Showing  2-fold  Differences  in  Levels  Between  C7-Myc  PrE  and  C7A  PrE 


Category 

Gene 

GenBank ID 

Transcription  Factors 

ARHE 

NM_00518 

MAFG 

NM_00239 

SON 

NM_05818 

HRASLS3 

NM_00706 

TCF7 

NM_00320 

TCF12 

NM_00320 

VAV3 

NM_00611 

NFE2L2 

NM_00616 

FOSL2 

NM_00525 

Notch3 

NM_00871 

RABAl 

NM  00416 

Growth  factors 

1NSL4 

NM_00219 

VEGF 

NM_00337 

Kinases 

MKNK2 

NM_01757 

SCAPl 

NM_00372 

Adaptor  molecules 

NCKl 

NM_00615 

SPllO 

NM_08042 

ABR 

NM_02196 

RNF4 

NM_00293 

Apoptosis 

Extracellular  matrix 

BCL2A1 

PDCD4 

CASP3 

AD  AMI  5 

NM_00404 

NM_14534 

NM_00434 

NM_00381 

TIMPl 

MMP14 

NM_00325 

NM_00499 

Cell  cycle 

TIMP2 

SIOOAIO 

NM_00296 

Proliferation/ 

Differentiation 

CDK4 

DUSP6 

MAPRE2 

NM_00007 

NM_00194 

NM_01426 

SHCl 

NM_18300 

Proteases 

Kallikrein  10 

NM_00277 

KLK5 

NM_01242 

SPUVE 

NM_00717 

SLPl 

NM_00306 

CSTA 

NM_00521 

Cytoskeleton/ Motility 

DSTN 

CLDNl 

NM_00687 

NM_12110 

CLDN4 

NM_00130 

Description  ACF 


Ras  homolog  gene  3.67 

v-maf  oncogene  homolog  G  3.27 

Similarities  with  MYC  MOS  —2.29 

HRAS-hke  suppressor  3  —2.29 

Transcription  factor  7 

Transcription  factor  12  —4.67 

vav  3  oncogene  —1.36 

Transcription  factor  —2.53 

Dimerizes  with  JUN  forming  the  transcription  —1.65 

of  factor  complex  AP-1 

Transcription  factor  —3.64 

Member  RAS  oncogene  family  —1.78 

Member  of  the  insulin  superfamily 
Vascular  endothelial  growth  factor 

MAP  kinase  interacting  serine/ threonine  kinase  2  —2.32 

Belongs  to  the  src  family  kinases  —4.69 

Adaptor  protein  involved  in  transducing  signals  —1.67 

from  receptor  tyrosine  kinases  to  downstream 
recipients  such  as  RAS 

May  have  a  role  in  the  regulation  of  gene  —2.28 

transcription 

These  proteins  might  interact  with  members  —2.68 

of  the  Rho  family 

RING  finger  protein,  enhances  AR-dependent  —3.49 

transcription 

BCL2-related  protein  Al  —1.56 

Thought  to  play  a  role  in  apoptosis  —1.53 

Caspase  3  apoptosis-related  protease 

A  disintegrin  and  metalloproteinase  —1.34 

domain  15  (metargidin) 

Tissue  inhibitor  of  MMPl  2.26 

Mafrix  metalloproteinase  activates  MMP2  —1.71 

protein  may  be  involved  in  tumor  invasion 
Tissue  inhibitor  of  MMP  2  —2.71 

Calcium-binding,  involved  in  the  regulation  —2.23 

of  cell  cycle  progression  and  differentiation 
Cyclin-dependent  kinase  4  —1.75 

Gene  product  inactivates  ERK2,  —1.95 

Homology  with  APC  suggests  involvement  —1.39 

in  tumorigenesis  and  proliferative  control 
of  normal  cells 

Couples  activated  growth  factor  receptors  —1.5 

to  a  signaling  pathway 

Serine  proteases  having  diverse  physiological  —1.72 

functions 

Kallikrein  5  —1.59 

Protease,  serine,  23 

Secreted  serine  protease  inhibitor  protects  —5.04 

epithelial  tissues 

Encodes  a  stefin  that  functions  as  a  cysteine  —4.65 

protease  inhibotor 

Actin  depolymerizing  factor  —1.7 

Integral  membrane  protein  component  —2.45 

of  fight  junctions 

Integral  membrane  protein,  which  belongs  —1.33 

to  the  Claudine  family 


(Continued) 
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TABLE  I.  (Continued) 


Category 

Gene 

GenBank ID 

Description 

ACE 

THYB4 

NM_02110 

Actin  sequestering  protein,  regulates  actin 
polymerization,  proliferation  migration, 
and  differentiation 

-5.1 

LAMC2 

NM_00556 

Extracellular  matrix  glycrprotein,  implicated 
in  adhesion  megration,  differentiation, 
and  metastasis 

-1.5 

WIRE 

NM_13326 

Has  a  role  in  the  WASP-mediated  organization 
of  the  actin 

-4.15 

KRT13 

NM_15349 

Keratin  13 

-4.51 

Neuronal 

NDN 

NM_00248 

Mouse  studies  suggest  a  role  in  growth  suppression 
in  postmitotic  neurons 

-1.84 

SST  Somatostatin 

NM_00104 

A  regulator  of  endocrine  and  nervous  system 
function 

-1.97 

Metastasis 

p8 

NM_01238 

p8  protein  (candidate  of  metastasis) 

-1.94 

of  the  EGFP  expressing  retrovirus  induces  the  cancer 
phenotype.  The  tumors  formed  in  this  model  retain 
some  key  characteristics  of  human  prostate  cancer, 
notably  the  expression  of  AR  and  PSA,  and  the  ability  to 
metastasize. 

The  c-MYC  overexpression  combined  with  a  large 
percentage  of  infected  cells  produces  a  cancer  pheno¬ 
type  within  our  xenograft  model  that  is  aggressive  and 
progressive.  The  cells  were  obtained  from  tissue  deriv¬ 
ed  from  aging  males  and  may  already  have  accumu¬ 
lated  genetic  hits  that,  of  themselves,  are  insufficient  to 
alter  histology.  The  levels  of  c-MYC  expressed  by  a 
CMV-driven  retroviral  delivery  system  would  cer¬ 
tainly  constitute  a  very  large  additional  molecular  hit. 
The  resulting  tumors  resemble  a  poorly  differentiated 
advanced  carcinoma,  however,  the  growth  rate  is 
accelerated  in  comparison  with  the  human  disease. 
Myc  expression  can  be  a  pivot  point  in  the  cellular 


decision-making  process  that  determines  if  a  cell  will 
undergo  proliferation  or  apoptosis  [50-55].  Myc  over¬ 
expression  within  the  primary  huPrE  appears  to 
be  exhibiting  a  proliferative  effect  demonstrated  by 
the  extremely  large  number  of  Ki67  positive  cells 
present  within  the  renal  capsule  graft  and  the  meta¬ 
static  lesions.  The  lack  of  expression  of  the  basal  cell 
markers  keratin  14  and  p63  indicate  that  the  c-Myc 
tumor,  like  human  prostate  adenocarcinoma,  loses 
basal  cells  during  tumor  formation. 

Similar  c-MYC-based  retroviral  rodent  models 
created  by  Thompson  and  co-workers  [25-27,56-59] 
in  prostate  and  by  Edwards  [60]  in  the  breast  lacked  the 
aggressiveness  of  our  model  unless  activated  ras  was 
also  present.  Less  than  0.1%  of  epithelial  cells  carried 
the  retro virally  introduced  genes  in  the  mouse  TR's 
while  our  grafts  contained  10%-50%  infected  cells  thus 
altering  the  environment  considerably  as  normal  cells 


» 


C7A  C7-Myc  C7A  C7-Myc  C7A  C7-Myc  C7A  C7-Myc  C7A  C7-Myc 

cMyb  cMyc  PTEN  E-CAD  AR 

Fig.  5.  Western  blot  analysis  ofC7-Myc  and  C7A  infected  cells.  Western  blot  of  human  prostatic  epithelial  cells  infected  with  C7-MycorC7A 
(empty  vector).  All  lanes  contain  lOOof  protein  except  PTEN  (250  pg).  EGFP  (Top  left)  is  detected  only  in  C7-Myc  infected  cells,C7A  infected  cells 
made  up  approximately  1%  of  the  culture  and  whilefluorescentcells  were  visible  no  signal  was  detected  by  western  analysis.  E-cadherin  120  kDa 
(top  middle),  Androgen  receptor  130  kDa  (Top  right),  cMyb75  kDa  (bottom  left)  C-MYC67  kDa  (bottom  middle)  PTEN  60  kDa  (bottom  right). 


12  Williams  et  al. 


have  the  potential  to  inhibit  the  growth  of  transformed 
cells  [61].  Microarray  dafa  do  nof  indicafe  increased 
levels  of  ras  mRNA  within  our  C7-Myc  tumors.  Mouse 
strain  backgrounds  modify  fhe  effects  of  the  oncogenes 
myc  and  ras  [27]  within  the  retrovirally  infected  TR's. 
By  virtue  of  using  human  tissue,  the  present  study 
examines  an  outbred  epithelial  cell  population. 

More  recent  transgenic  mouse  studies  have  demon¬ 
strated  that  the  degree  of  response  fo  c-MYC  over¬ 
expression  in  mouse  prosfafic  epithelium  is  dose 
related,  with  increased  expression  giving  rise  to  more 
severe  phenotypes  [20,22].  All  three  described  prostate- 
specific  c-MYC-overexpressing  mice  develop  mPIN. 
Mice  expressing  c-MYC  using  the  Probasin  promoter 
progress  to  invasive  cancer  in  a  time  frame  fhat  is 
determined  by  the  relative  strength  of  the  promoter 
construct  used  (ARR2PB  or  sPB)  [20].  Low  levels  of 
c-MYC  expression  are  fhought  fo  cause  prostatic 
dysplasia  in  the  prostates  of  rafs  treafed  in  fhe  neonatal 
period  with  DBS  [62].  Progression  beyond  PIN  is  not 
observed  within  the  lifetime  of  fhe  C(3)Myc  mouse. 
As  serial  recombination  experimenfs  using  the  C(3)- 
Myc  mouse  or  the  DBS  treated  prostates  have  not  been 
performed  if  is  not  known  if  fhese  PIN-like  lesions 
would  progress  over  time  as  is  thought  to  happen  in 
humans.  Our  model  possibly  shows  such  an  acceler¬ 
ated  progression  because  the  epithelium  is  already 
primed  by  both  age  related  genetic  changes  and 
environmental /physiological  events  within  the  dis¬ 
eased  prostate  combined  with  expression  of  c-MYC 
from  an  extremely  strong  constitutive  promoter. 

Human  prostatic  epithelium  expresses  prostate 
specific  antigen  (PSA),  in  vivo  fhis  weak  profease 
belongs  fo  the  large  family  of  Kallikreins,  and  is  nof, 
despite  the  name,  totally  specific  for  fhe  prosfafe. 
However,  PSA  is  fhe  main  basis  of  fhe  blood  fesfs  used 
fo  defect  and  monitor  prostate  cancer.  PSA  is  androgen- 
regulated  in  normal  and  low-grade  prostate  cancers, 
however,  as  cancers  progress  to  an  androgen-indepen- 
dent  state,  PSA  levels  climb  marking  disease  progres¬ 
sion.  Primary  cultures  of  benign  prosfafe  cells  initially 
express  PSA  as  do  the  established  cell  line  LNCaP  [63]. 
However,  it  is  commonly  observed  that  cells  in  culture 
rapidly  lose  expression  of  steroid  receptors,  including 
AR,  and  consequently  lose  expression  of  steroid 
regulated  gene  products  such  as  PSA.  Tissue  recombi¬ 
nants  composed  of  normal  prosfatic  epithelium  and 
rUGM  express  both  AR  and  PSA  [47],  as  would  be 
expected,  since  these  genes  are  both  regulated  by  the 
context  in  which  the  cell  is  growing.  More  remarkably 
Myc  overexpressing  cells  express  PSA  and  maintain 
their  androgen  receptor  expression  in  culture.  Tumors 
derived  from  these  cells  continue  to  express  PSA  and 
AR  in  vivo  adding  an  important  element  to  the  re¬ 
levance  of  this  model. 


Sawyers  and  co-workers  [20]  have  identified  a 
molecular  signafure  fhat  identifies  both  the  c-MYC 
overexpressing  prostate  tumors  present  in  their  trans¬ 
genic  mouse  model  and  a  subset  of  human  prostate 
tumors  that  overexpress  Myc.  Our  cDNA  analysis 
identified  several  fargets  fhat  were  subsequently 
analyzed  by  Western  blotting,  as  our  cDNA  array 
differed  from  fhat  used  by  the  Sawyers  group  we 
were  unable  to  compare  their  molecular  signature  with 
the  one  we  obtained.  We  were  however  able  to  use  the 
microarray  data  to  identify  profeins  previously  shown 
to  be  involved  in  tumorigenesis  which  were  regulated 
in  this  model.  Western  blot  analysis  was  used  to 
confirm  microarray  dafa  on  the  loss  of  PTBN  and  B- 
cadherin  in  the  c-MYC  expressing  cells.  Both  of  these 
proteins  are  implicated  as  playing  a  tumor  suppressive 
role  in  cancer  development  and  show  a  marked 
decrease  in  expression  compared  to  control  cells.  Dec¬ 
reased  or  absent  B-cadherin  expression  is  a  frequent 
occurrence  in  human  prostate  cancer  [64]  and  this  is 
recapitulated  within  our  myc  overexpressing  tumor. 
The  undetectable  levels  (by  Western  blotting)  of 
B-cadherin  presenf  in  our  myc  tumor  cells  in  culture 
may  represent  a  general  loss  of  adhesion,  which  would 
in  part  explain  the  low  adhesion  of  the  cells  both  to  the 
tissue  culture  plastic  and  other  cells  resulting  in  loss 
of  the  cobblestone  morphology  and  lack  of  strong 
junctions  between  cells.  Immunohistochemistry  on  the 
tumor  tissue  failed  fo  pick  up  B-cadherin  staining  on 
the  cell  membranes  within  the  tumor  (data  not  shown). 

PTBN  is  a  tumor  suppressor  gene  situated  at  10q23,  a 
deletion  hot  spot  in  prostate  cancer  [65] .  PTBN  Knock¬ 
out  mice  are  embryonic  lethal  [66]  but  tissue  specific 
homozygofes  (0%  gene  dose  in  prostate  100%  in  most 
other  tissues)  and  the  newer  hypomorphic  mice  (25% - 
35%  gene  dose)  [67-70]  display  mPIN  that  progresses 
to  invasive  carcinoma  over  time.  Heterozygote  PTBN 
deletion  results  in  mPIN  but  requires  the  presence  of  a 
second  genetic  lesion  to  progress  to  an  invasive  cancer 
phenotype  [71,72].  PTBN  encodes  a  lipid  phosphatase 
that  inhibits  the  PI3  kinase /AKT  pathway.  The  AKT 
pathway  is  a  pivotal  point  in  the  control  of  cellular 
homeosfasis.  Many  pathways  including  TCBp,  ICP, 
BCB  and  Ras  interact  with  AKT.  The  activation  of  AKT 
appears  fo  indirectly  promote  androgen-independent 
survival  of  prostate  cancer  cells,  but  the  mechanism  is 
as  yet  undetermined  [73,74].  PTBN  and  AKT  are 
upstream  of  c-MYC;  PTBN  loss  causes  upregulafion 
of  AKT  that  in  turn  upregulates  c-MYC.  The  role  of 
AKT  on  AR  and  subsequent  repercussions  on  c-MYC 
are  unknown  but  the  importance  of  AKT  and  by 
extension  PTBN  in  androgen  independent  growth  of 
prostate  cancer  correlates  with  the  role  of  c-MYC. 

Microarray  data  verified  by  Western  blot  analysis 
demonstrated  upregulation  of  fhe  cMyb  oncogene  in 
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the  C7-Myc  model.  Myb  is  usually  regarded  as  a  proto¬ 
oncogene  within  the  hematopoietic  line  where  it  func¬ 
tions  as  a  cell  cycle  promoter.  c-Myb  inhibits  expression 
of  pl5‘"’'^’’  while  transactivating  c-MYC,  Bcl-2,  COX2, 
IGF-I,  and  IGF-IR  [75-77].  While  c-Myb  has  primarily 
been  studied  in  the  hematopoietic  lineage  it  is  also 
expressed  in  breast,  the  gastrointestinal  lineage  [78], 
and  prostate  [79-81],  it  is  upregulated  in  cancers  and 
some  premalignant  lesions  of  these  tissues  [79,80,82- 
85].  The  upregulation  of  cMyb  in  the  G7-Myc  model 
may  further  enhance  the  transforming  ability  of  c- 
MYG  by  stimulating  pathways  that  are  not  stimulated 
by  Myc. 

This  work  demonstrates  the  application  of  retroviral 
infection  strategy  followed  by  tissue  recombination  to 
examine  the  contribution  of  individual  gene  products 
to  carcinogenesis.  The  approach  can  be  used  on  any  of 
the  regulated  products  within  the  8q24  amplicon,  or 
those  identified  in  the  cDNA  microarray  analysis,  both 
alone  and  in  combination  to  determine  their  contribu¬ 
tion  to  the  final  graft  phenotype.  This  in  vivo  model  of 
prostate  cancer  based  upon  human  prostatic  epithe¬ 
lium  has  many  interesting  and  potentially  useful 
features.  However,  the  rapid  progression  and  extre¬ 
mely  high  proliferative  rate  limits  the  ability  to  examine 
early  tumorigenic  events.  The  model  retains  many 
characteristics  of  human  prostate  cancer  including 
continued  expression  of  AR  and  PSA.  The  model  also 
demonstrates  downregulation  of  two  tumor  suppres¬ 
sors  (PTEN  and  E-cadherin),  which  are  suppressed  in 
human  prostate  cancer  and  shows  upregulation  of 
Myb,  which  is  known  to  be  upregulated  in  the  human 
disease.  Metastasis  is  also  an  important  component  of 
the  in  vivo  model.  Cell  cultures  derived  from  both  the 
initial  viral  infections  and  from  the  tumors  retain  many 
of  these  important  characteristics  and  represent  a 
potentially  useful  resource  to  examine  prostate  cancer 
biology.  We  are  working  to  modify  the  model  using  a 
series  of  weaker  constitutive,  conditional,  and  regula- 
tible  promoters  that  will  better  allow  us  to  follow  stages 
of  progression. 

ACKNOWLEDGMENTS 

Preliminary  feasibility  studies  were  supported  by  a 
grant  to  S.W.H  and  Y.F.L  from  the  University  of 
California,  San  Francisco  Prostate  Cancer  Center.  This 
work  was  supported  by  a  postdoctoral  fellowship  grant 
DAMD  17-01-1-0037  to  KW  from  the  Department  of 
Defense  Prostate  Cancer  Research  Program  by  NIH 
grant  CA96403  and  support  from  the  Joe  C.  Davis 
Foundation  to  S.W.H.  All  microarray  experiments  were 
performed  in  the  Vanderbilt  Microarray  Shared 
Resource.  All  DNA  sequencing  took  place  in  the 
Vanderbilt  DNA  Sequencing  Facility.  Both  core  re¬ 


sources  are  supported  in  part  by  the  Vanderbilt  Ingram 
Cancer  Center  (P30  CA68485)  and  the  Vanderbilt  Dia¬ 
betes  Research  and  Training  Center  (P60  DK20593). 
SWH  and  KW  wish  to  express  their  personal  gratitude 
to  Dr.  Peter  Carroll  of  UCSF  for  his  unhesitating  and 
selfless  support. 

REFERENCES 

1.  Quinn  M,  Babb  P.  Patterns  and  trends  in  prostate  cancer 
incidence,  survival,  prevalence  and  mortality.  Part  1:  Interna¬ 
tional  comparisons.  BJU  Int  2002;90(2):162-173. 

2.  Hsing  AW,  Tsao  L,  Devesa  SS.  International  trends  and  patterns 
of  prostate  cancer  incidence  and  mortality.  Int  J  Cancer  2000; 
85(l):60-67. 

3.  Chiarodo  A.  National  Cancer  Institute  roundtable  on  prostate 
cancer:  Future  research  directions.  Cancer  Res  1991;51(9):2498- 
2505. 

4.  Carroll  PR.  Trends  in  prostate  cancer  mortality  among  black  men 
and  white  men  in  the  United  States.  In:  Chu  KC,  Tarone  RE, 
Freeman  HP,  editors.  Center  to  reduce  cancer  health  disparities. 
Bethesda,  MD:  National  Cancer  Institute,  Cancer  2003;97:1507- 
1516  (Urol  Oncol  2003;21{6):483-484). 

5.  Lau  YF,  Lau  HW,  Komuves  LG.  Expression  pattern  of  a  gona- 
doblastoma  candidate  gene  suggests  a  role  of  the  Y  chromosome  in 
prostate  cancer.  Cytogenet  Genome  Res  2003;101(3-4):250-260. 

6.  DeMarzo  AM,  Nelson  WG,  Isaacs  WB,  Epstein  JI.  Pathological 
and  molecular  aspects  of  prostate  cancer.  Lancet  2003;361(9361): 
955-964. 

7.  Malynn  BA,  de  Alboran  IM,  O'Hagan  RC,  Bronson  R,  Davidson 

L,  DePinho  RA,  Alt  FW.  N-myc  can  functionally  replace  c-myc 
in  murine  development,  cellular  growth,  and  differentiation. 
Genes  Dev  2000;14(11):1390-1399. 

8.  Davis  AC,  Wims  M,  Spotts  GD,  Hann  SR,  Bradley  A.  A  null  c- 
myc  mutation  causes  lethality  before  10.5  days  of  gestation  in 
homozygotes  and  reduced  fertility  in  heterozygous  female  mice. 
Genes  Dev  1993;7(4):671-682. 

9.  Davis  A,  Bradley  A.  Mutation  of  N-myc  in  mice:  What  does  the 
phenotype  tell  us?  Bioessays  1993;15(4):273-275. 

10.  Blackwood  EM,  Eisenman  RN.  Max:  A  helix-loop-helix  zipper 
protein  that  forms  a  sequence-specific  DNA-binding  complex 
with  Myc.  Science  1991;251(4998):1211-1217. 

11.  Hurlin  PJ,  Queva  C,  Koskinen  PJ,  Steingrimsson  E,  Ayer  DE, 
Copeland  NG,  Jenkins  NA,  Eisenman  RN.  Mad3  and  Mad4: 
Novel  Max-interacting  transcriptional  repressors  that  suppress 
c-myc  dependent  transformation  and  are  expressed  during 
neural  and  epidermal  differentiation.  Embo  J  1995;14(22):5646- 
5659. 

12.  Bowen  H,  Biggs  TE,  Phillips  E,  Baker  ST,  Perry  VH,  Mann  DA, 
Barton  CH.  c-Myc  represses  and  Miz-1  activates  the  murine 
natural  resistance-associated  protein  1  promoter.  J  Biol  Chem 
2002;277(38):34997-35006. 

13.  Gartel  AL,  Shchors  K.  Mechanisms  of  c-myc-mediated  tran¬ 
scriptional  repression  of  growth  arrest  genes.  Exp  Cell  Res  2003; 
283(1):17-21. 

14.  Peukert  K,  Staller  P,  Schneider  A,  Carmichael  G,  Hanel  F,  Filers 

M.  An  alternative  pathway  for  gene  regulation  by  Myc.  Embo  J 
1997;16(18):5672-5686. 

15.  Beier  R,  Burgin  A,  Kiermaier  A,  Fero  M,  Karsunky  H,  Saffrich  R, 
Moroy  T,  Ansorge  W,  Roberts  J,  EUers  M.  Induction  of  cyclin 
E-cdk2  kinase  activity,  E2F-dependent  transcription  and  cell 


14  Williams  et  al. 


growth  by  Myc  are  genetically  separable  events.  Embo  J  2000; 
19(21):5813-5823. 

16.  Coller  HA,  Grandori  C,  Tamayo  P,  Colbert  T,  Lander  ES, 
Eisenman  RN,  Golub  TR.  Expression  analysis  with  oligonucleo¬ 
tide  microarrays  reveals  that  MYC  regulates  genes  involved  in 
growth,  cell  cycle,  signaling,  and  adhesion.  Proc  Natl  Acad  Sci 
USA  2000;97(7):3260-3265. 

17.  Bouchard  C,  Thieke  K,  Maier  A,  Saffrich  R,  Hanley-Hyde  J, 
Ansorge  W,  Reed  S,  Sicinski  P,  Bartek  J,  Eilers  M.  Direct  in¬ 
duction  of  cyclin  D2  by  Myc  contributes  to  cell  cycle  progression 
and  sequestration  of  p27.  Embo  J  1999;18(19):5321-5333. 

18.  Herold  S,  Wanzel  M,  Beuger  V,  Frohme  C,  Beul  D,  Hillukkala  T, 
Syvaoja  J,  Saluz  HP,  Haenel  F,  Eilers  M.  Negative  regulation  of 
the  mammalian  UV  response  by  Myc  through  association  with 
Miz-1.  Mol  Cell  2002;10(3):509-521. 

19.  Staller  P,  Peukert  K,  Kiermaier  A,  Seoane  J,  Lukas  J,  Karsunky  H, 
Moroy  T,  Bartek  J,  Massague  J,  Hanel  F,  Eilers  M.  Repression  of 
pl5INK4b  expression  by  Myc  through  association  with  Miz-1. 
Nat  Cell  Biol  2001;3(4):392-399. 

20.  Ellwood-Yen  K,  Graeber  TG,  Wongvipat  J,  Iruela-Arispe  ML, 
Zhang  J,  Matusik  R,  Thomas  GV,  Sawyers  CL.  Myc-driven 
murine  prostate  cancer  shares  molecular  features  with  human 
prostate  tumors.  Cancer  Cell  2003;4(3):223-238. 

21.  Nesbit  CE,  Tersak  JM,  Prochownik  EV.  MYC  oncogenes 
and  human  neoplastic  disease.  Oncogene  1999;18(19):3004- 
3016. 

22.  Zhang  X,  Lee  C,  Ng  PY,  Rubin  M,  Shabsigh  A,  Buttyan  R. 
Prostatic  neoplasia  in  transgenic  mice  with  prostate-directed 
overexpression  of  the  c-myc  oncoprotein.  Prostate  2000;43{4): 
278-285. 

23.  Pelengaris  S,  Littlewood  T,  Khan  M,  Elia  G,  Evan  G.  Reversible 
activation  of  c-Myc  in  skin:  Induction  of  a  complex  neoplastic 
phenotype  by  a  single  oncogenic  lesion.  Mol  Cell  1999;3{5): 
565-577. 

24.  Jensen  NA,  Pedersen  KM,  Lihme  F,  Rask  L,  Nielsen  JV, 
Rasmussen  TE,  Mitchelmore  C.  Astroglial  c-Myc  overexpression 
predisposes  mice  to  primary  malignant  gliomas.  J  Biol  Chem 
2003;278(10):8300-8308. 

25.  Thompson  TC,  Park  SH,  Timme  TL,  Ren  C,  Eastham  JA, 
Donehower  LA,  Bradley  A,  Kadmon  D,  Yang  G.  Loss  of  p53 
function  leads  to  metastasis  in  ras+myc-initiated  mouse  prostate 
cancer.  Oncogene  1995;10(5):869-879. 

26.  Thompson  TC,  Southgate  J,  Kitchener  G,  Land  H.  Multistage 
carcinogenesis  induced  by  ras  and  myc  oncogenes  in  a 
reconstituted  organ.  Cell  1989;56(6):917-930. 

27.  Thompson  TC,  Timme  TL,  Kadmon  D,  Park  SH,  Egawa  S, 
Yoshida  K.  Genetic  predisposition  and  mesenchymal-epithelial 
interactions  in  ras+myc-induced  carcinogenesis  in  reconstituted 
mouse  prostate.  Mol  Carcinog  1993;7(3):165-179. 

28.  Fleming  WH,  Hamel  A,  MacDonald  R,  Ramsey  E,  Pettigrew  NM, 
Johnston  B,  Dodd  JG,  Matusik  RJ.  Expression  of  the  c-myc 
protooncogene  in  human  prostatic  carcinoma  and  benign 
prostatic  hyperplasia.  Cancer  Res  1986;46{3):1535-1538. 

29.  Jain  M,  Arvanitis  C,  Chu  K,  Dewey  W,  Leonhardt  E,  Trinh  M, 
Sundberg  CD,  Bishop  JM,  Felsher  DW.  Sustained  loss  of  a 
neoplastic  phenotype  by  brief  inactivation  of  MYC.  Science  2002; 
297(5578):102-104. 

30.  Karlsson  A,  Giuriato  S,  Tang  F,  Fung-Weier  J,  Levan  G, 
Felsher  DW.  Genomically  complex  lymphomas  undergo  sus¬ 
tained  tumor  regression  upon  MYC  inactivation  unless  they 
acquire  novel  chromosomal  translocations.  Blood  2003;101{7): 
2797-2803. 


31 .  Elo  JP,  Visakorpi  T.  Molecular  genetics  of  prostate  cancer.  Ann 
Med  2001;33(2):130-141. 

32.  Tsuchiya  N,  Kondo  Y,  Takahashi  A,  Pawar  H,  Qian  J,  Sato  K, 
Lieber  MM,  Jenkins  RB.  Mapping  and  gene  expression  profile  of 
the  minimally  overrepresented  8q24  region  in  prostate  cancer. 
Am  J  Pathol  2002;160(5):1799-1806. 

33.  Porkka  KP,  Tammela  TL,  VesseUa  RL,  Visakorpi  T.  RAD21 
and  KIAA0196  at  8q24  are  amplified  and  overexpressed 
in  prostate  cancer.  Genes  Chromosomes  Cancer  2004;39(1): 
1-10. 

34.  Reiter  RE,  Sato  1,  Thomas  G,  Qian  J,  Gu  Z,  Watabe  T,  Loda  M, 
Jenkins  RB.  Coamplification  of  prostate  stem  cell  antigen  (PSCA) 
and  MYC  in  locally  advanced  prostate  cancer.  Genes  Chromo¬ 
somes  Cancer  2000;27{1):95-103. 

35.  El  Gedaily  A,  Bubendorf  L,  Willi  N,  Fu  W,  Richter  J,  Moch  H, 
Mihatsch  MJ,  Sauter  G,  Gasser  TC.  Discovery  of  new  DNA 
amplification  loci  in  prostate  cancer  by  comparative  genomic 
hybridization.  Prostate  2001;46(3):184-190. 

36.  Bubendorf  L,  Kononen  J,  Koivisto  P,  Schraml  P,  Moch  H, 
Gasser  TC,  Willi  N,  Mihatsch  MJ,  Sauter  G,  KalHoniemi  DP. 
Survey  of  gene  amplifications  during  prostate  cancer  progres¬ 
sion  by  high-throughout  fluorescence  in  situ  hybridization  on 
tissue  microarrays.  Cancer  Res  1999;59(4):803-806. 

37.  Qian  J,  Jenkins  RB,  Bostwick  DC.  Detection  of  chromosomal 
anomalies  and  c-myc  gene  amplification  in  the  cribriform 
pattern  of  prostatic  intraepithelial  neoplasia  and  carcinoma  by 
fluorescence  in  situ  hybridization.  Mod  Pathol  1997;10(11):1113- 
1119. 

38.  Chaib  H,  Cockrell  EK,  Rubin  MA,  Macoska  JA.  Profiling  and 
verification  of  gene  expression  patterns  in  normal  and  malignant 
human  prostate  tissues  by  cDNA  microarray  analysis.  Neoplasia 
2001;3(l):43-52. 

39.  Buttyan  R,  Sawczuk  IS,  Benson  MC,  Siegal  JD,  Olsson  CA. 
Enhanced  expression  of  the  c-myc  protooncogene  in  high-grade 
human  prostate  cancers.  Prostate  1987;ll(4):327-337. 

40.  Ha5rward  SW,  Haughney  PC,  Lopes  ES,  Danielpour  D,  Cunha 
GR.  The  rat  prostatic  epithelial  cell  line  NRP-152  can  differentiate 
in  vivo  in  response  to  its  stromal  environment.  Prostate  1999; 
39{3):205-212. 

41.  Wang  YZ,  Sudilovsky  D,  Zhang  B,  Haughney  PC,  Rosen  MA, 
Wu  DS,  Cunha  TJ,  Dahiya  R,  Cunha  GR,  Hayward  SW.  A  human 
prostatic  epithelial  model  of  hormonal  carcinogenesis.  Cancer 
Res  2001;61:6064-6072. 

42.  Hallowes  RC,  Bone  EJ,  Jones  W.  A  new  dimension  in  the  culture 
of  human  breast.  In:  Richards  RJ,  Rajan  KT,  editors.  Tissue 
culture  in  medical  research.  Vol  2.  Oxford:  Pergamon  Press;  1980. 
pp  213-220. 

43.  Hayward  SW.  A  simple  method  for  freezing  and  storing 
viable  tissue  fragments.  In  Vitro  Cell  Dev  Biol  Anim  1998;34(1): 
28-29. 

44.  Taylor-Papadimitriou  J,  Stampfer  M,  Bartek  J,  Lewis  A,  Boshell 
M,  Lane  EB,  Leigh  IM.  Keratin  expression  in  human  mammary 
epithelial  cells  cultured  from  normal  and  malignant  tissue: 
Relation  to  in  vivo  phenotypes  and  influence  of  medium.  J  Cell 
Sci  1989;94:403-413. 

45.  Perkins  W,  Campbell  1,  Leigh  IM,  MacKie  RM.  Keratin 
expression  in  normal  skin  and  epidermal  neoplasms  demon¬ 
strated  by  a  panel  of  monoclonal  antibodies.  J  Cutan  Pathol  1992; 
19{6):476-482. 

46.  Cunha  GR,  Vanderslice  KD.  Identification  in  histological 
sections  of  species  origin  of  cells  from  mouse,  rat  and  human. 
Stain  Technol  1984;59{1):7-12. 


cMyc  overexpression  causes  cancer  15 


47.  Hayward  SW,  Haughney  PC,  Rosen  MA,  Greulich  KM,  Weier 
HU,  Dahiya  R,  Cunha  GR.  Interactions  between  adult  human 
prostatic  epithelium  and  rat  urogenital  sinus  mesenchyme  in  a 
tissue  recombination  model.  Differentiation  1998;63(3):131-140. 

48.  Snibson  KJ,  Woodcock  D,  Orian  JM,  Brandon  MR,  Adams  TE. 
Methylation  and  expression  of  a  metallothionein  promoter  ovine 
growth  hormone  fusion  gene  (MToGHl)  in  transgenic  mice. 
Transgenic  Res  1995;4(2):1 14-122. 

49.  Smith  MR,  Biggar  S,  Hussain  M.  Prostate-specific  antigen 
messenger  RNA  is  expressed  in  non-prostate  cells:  Implications 
for  detection  of  micrometastases.  Cancer  Res  1995;55{12):2640- 
2644. 

50.  Pelengaris  S,  Khan  M,  Evan  GI.  Suppression  of  Myc-induced 
apoptosis  in  beta  cells  exposes  multiple  oncogenic  properties  of 
Myc  and  triggers  carcinogenic  progression.  Cell  2002;109(3): 
321-334. 

51 .  Prendergast  GC.  Mechanisms  of  apoptosis  by  c-Myc.  Oncogene 
1999;18(19):2967-2987. 

52.  Prendergast  GC.  Myc  and  Myb:  Are  the  veils  beginning  to  lift? 
Oncogene  1999;18(19):2914-2915. 

53.  Dang  CV,  Resar  LM,  Emison  E,  Kim  S,  Li  Q,  Prescott  JE,  Wonsey 
D,  Zeller  K.  Function  of  the  c-Myc  oncogenic  transcription  factor. 
Exp  Cell  Res  1999;253(l):63-77. 

54.  Dang  CV.  c-Myc  target  genes  involved  in  cell  growth,  apoptosis, 
and  metabolism.  Mol  Cell  Biol  1999;19{1):1-11. 

55.  Amati  B,  Alevizopoulos  K,  Vlach  J.  Myc  and  the  cell  cycle.  Front 
Biosci  1998;3:D250-D268. 

56.  Thompson  TC.  Growth  factors  and  oncogenes  in  prostate  cancer. 
Cancer  Cells  1990;2(ll):345-354. 

57.  Thompson  TC,  Egawa  S,  Kadmon  D,  Miller  GJ,  Timme  TL, 
Scardino  PT,  Park  SH.  Androgen  sensitivity  and  gene  expression 
in  ras  +  myc-induced  mouse  prostate  carcinomas.  J  Steroid 
Biochem  Mol  Biol  1992;43(l-3):79-85. 

58.  Thompson  TC,  Kadmon  D,  Timme  TL,  Merz  VW,  Egawa  S, 
Krebs  T,  Scardino  PT,  Park  SH.  Experimental  oncogene  induced 
prostate  cancer.  Cancer  Surv  1991;11:55-71. 

59.  Lehr  JE,  Pienta  KJ,  Yamazaki  K,  Pilat  MJ.  A  model  to  study  c-myc 
and  v-H-ras  induced  prostate  cancer  progression  in  the 
Copenhagen  rat.  Cell  Mol  Biol  (Noisy-Ie-grand)  1998;44(6): 
949-959. 

60.  Edwards  PA,  Ward  JL,  Bradbury  JM.  Alteration  of  morphogen¬ 
esis  by  the  v-myc  oncogene  in  transplants  of  mammary  gland. 
Oncogene  1988;2(4):407-412. 

61 .  Mehta  PP,  Bertram  JS,  Loewenstein  WR.  Growth  inhibition  of 
transformed  cells  correlates  with  their  junctional  communica¬ 
tion  with  normal  cells.  Cell  1986;44(1):187-196. 

62.  Pylkkanen  L,  Makela  S,  Valve  E,  Harkonen  P,  Toikkanen  S, 
Santti  R.  Prostatic  dysplasia  associated  with  increased  expres¬ 
sion  of  c-myc  in  neonatally  estrogenized  mice.  J  Urol  1993;149(6): 
1593-1601. 

63.  Denmeade  SR,  Sokoll  LJ,  Dalrymple  S,  Rosen  DM,  Gady  AM, 
Bruzek  D,  Ricklis  RM,  Isaacs  JT.  Dissociation  between  androgen 
responsiveness  for  malignant  growth  vs.  expression  of  prostate 
specific  differentiation  markers  PSA,  hK2,  and  PSMA  in  human 
prostate  cancer  models.  Prostate  2003;54(4):249-257. 

64.  Umbas  R,  Schalken  JA,  Aalders  TW,  Carter  BS,  Karthaus  HE, 
Schaafsma  HE,  Debruyne  EM,  Isaacs  WB.  Expression  of  the 
cellular  adhesion  molecule  E-cadherin  is  reduced  or  absent  in 
high-grade  prostate  cancer.  Cancer  Res  1992;52(18):5104-5109. 

65.  Verma  RS,  Manikal  M,  Conte  RA,  Codec  CJ.  Chromosomal  basis 
of  adenocarcinoma  of  the  prostate.  Cancer  Invest  1999;17(6): 
441-447. 


66.  Di  Cristofano  A,  Pesce  B,  Cordon-Cardo  C,  Pandolfi  PP.  Pten  is 
essential  for  embryonic  development  and  tumour  suppression. 
Nat  Genet  1998;19{4):348-355. 

67.  Backman  SA,  Ghazarian  D,  So  K,  Sanchez  O,  Wagner  KU, 
Hennighausen  L,  Suzuki  A,  Tsao  MS,  Chapman  WB,  Stambolic 
V,  Mak  TW.  Early  onset  of  neoplasia  in  the  prostate  and  skin  of 
mice  with  tissue-specific  deletion  of  Pten.  Proc  Natl  Acad  Sci 
USA  2004;101(6):1725-1730. 

68.  Dose  of  PTEN  Gene  Drives  Progression  of  Prostate  Cancer.  PLoS 
Biol  2003;1(3):E70. 

69.  Trotman  LC,  Niki  M,  Dotan  ZA,  Koutcher  JA,  Cristofano  AD, 
Xiao  A,  Khoo  AS,  Roy-Burman  P,  Greenberg  NM,  Dyke  TV, 
Cordon-Cardo  C,  Pandolfi  P.  Pten  Dose  Dictates  Cancer 
Progression  in  the  Prostate.  PLoS  Biol  2003;1(3):E59. 

70.  Wang  S,  Gao  J,  Lei  Q,  Rozengurt  N,  Pritchard  C,  Jiao  J, 
Thomas  GV,  Li  G,  Roy-Burman  P,  Nelson  PS,  Liu  X,  Wu  H. 
Prostate-specific  deletion  of  the  murine  Pten  tumor  suppressor 
gene  leads  to  metastatic  prostate  cancer.  Cancer  Cell  2003;4(3): 
209-221. 

71 .  Di  Cristofano  A,  De  Acetis  M,  Koff  A,  Cordon-Cardo  C,  Pandolfi 
PP.  Pten  and  p27KIPl  cooperate  in  prostate  cancer  tumor 
suppression  in  the  mouse.  Nat  Genet  2001;27(2):222-224. 

72.  Abate-Shen  C,  Banach-Petrosky  WA,  Sun  X,  Economides 
KD,  Desai  N,  Gregg  JP,  Borowsky  AD,  Cardiff  RD,  Shen  MM. 
Nkx3.1;  Pten  mutant  mice  develop  invasive  prostate  adenocar¬ 
cinoma  and  lymph  node  metastases.  Cancer  Res  2003;63(14): 
3886-3890. 

73.  Nan  B,  Snabboon  T,  Unni  E,  Yuan  XJ,  Whang  YE,  Marcelli  M.  The 
PTEN  tumor  suppressor  is  a  negative  modulator  of  androgen 
receptor  transcriptional  activity.  J  Mol  Endocrinol  2003;31(1): 
169-183. 

74.  Ghosh  PM,  Malik  S,  Bedolla  R,  Kreisberg  JI.  Akt  in  prostate 
cancer:  Possible  role  in  androgen-independence.  Curr  Drug 
Metab  2003;4{6):487-496. 

75.  Wolff  L,  Schmidt  M,  Koller  R,  Haviernik  P,  Watson  R,  Bies  J, 
Maciag  K.  Three  genes  with  different  functions  in  transforma¬ 
tion  are  regulated  by  c-Myb  in  myeloid  cells.  Blood  Cells  Mol  Dis 
2001;27(2):483-488. 

76.  Ramsay  RG,  Friend  A,  Vizantios  Y,  Freeman  R,  Sicurella  C, 
Hammett  F,  Armes  J,  Venter  D.  Cyclooxygenase-2,  a  colorectal 
cancer  nonsteroidal  anti-inflammatory  drug  target,  is  regulated 
by  C-MYB.  Cancer  Res  2000;60(7):1805-1809. 

77.  Baserga  R,  Hongo  A,  Rubini  M,  Prisco  M,  Valentinis  B.  The  IGF-I 
receptor  in  cell  growth,  transformation  and  apoptosis.  Biochim 
Biophys  Acta  1997;1332(3):F105-F126. 

78.  Zorbas  M,  Sicurella  C,  Bertoncello  I,  Venter  D,  Ellis  S,  Mucenski 
ML,  Ramsay  RG.  c-Myb  is  critical  for  murine  colon  development. 
Oncogene  1999;18(42):5821-5830. 

79.  Rijnders  AW,  van  der  Korput JA,  van  Steenbrugge  GJ,  Romijn JC, 
Trapman  J.  Expression  of  cellular  oncogenes  in  human  prostatic 
carcinoma  cell  lines.  Biochem  Biophys  Res  Commun  1985;132(2): 
548-554. 

80.  Edwards  J,  Krishna  NS,  Witton  CJ,  Bartlett  JM.  Gene  amplifica¬ 
tions  associated  with  the  development  of  hormone-resistant 
prostate  cancer.  CHn  Cancer  Res  2003;9(14):5271-5281. 

81.  Katz  AE,  Benson  MC,  Wise  GJ,  Olsson  CA,  Bandyk  MG, 
Sawczuk  IS,  Tomashefsky  P,  Buttyan  R.  Gene  activity  during 
the  early  phase  of  androgen-stimulated  rat  prostate  regrowth. 
Cancer  Res  1989;49(21):5889-5894. 

82.  Guerin  M,  Sheng  ZM,  Andrieu  N,  Riou  G.  Strong  association 
between  c-myb  and  oestrogen-receptor  expression  in  human 
breast  cancer.  Oncogene  1990;5(1):131-135. 


16  Williams  et  al. 


83.  Guerin  M,  Barrois  M,  Riou  G.  [The  expression  of  c-myb  is 
strongly  associated  with  the  presence  of  estrogen  and  progester¬ 
one  receptors  in  breast  cancer].  C  R  Acad  Sci  III  1988;307(20): 
855-861. 

84.  Ramsay  RG,  Thompson  MA,  Hayman  JA,  Reid  G,  Gonda  TJ, 
Whitehead  RH.  Myb  expression  is  higher  in  malignant 
human  colonic  carcinoma  and  premalignant  adenomatous 


polyps  than  in  normal  mucosa.  Cell  Growth  Differ  1992;3(10): 
723-730. 

85.  Thompson  MA,  Flegg  R,  Westin  EH,  Ramsay  RG.  Microsatellite 
deletions  in  the  c-myb  transcriptional  attenuator  region  asso¬ 
ciated  with  over-expression  in  colon  tumour  cell  lines.  Oncogene 
1997;14(14):1715-1723. 


©  2005  Wiley-Liss,  Inc. 


genesis  42:263-275  (2005) 


Reprint  3 


ARTICLE 


A  Cre  Gene  Directed  by  a  Human  TSPY  Promoter 
Is  Specific  for  Germ  Cells  and  Neurons 

Tatsuo  Kido  and  Yun-Fai  Chris  Lau* 

Division  of  Cell  and  Developmental  Genetics,  Department  of  Medicine,  VA  Medical  Center,  University  of  California, 
San  Francisco,  San  Francisco,  California 


Received  1 5  December  2004;  Accepted  23  May  2005 

Summary:  The  testis-specific  protein  Y-encoded  (TSPY) 
gene  is  a  candidate  for  the  gonadoblastoma  locus  on 
the  Y  chromosome  and  is  expressed  in  normal  testicular 
germ  cells  and  gonadoblastoma  cells  of  XY  sex- 
reversed  females.  Although  TSPY  expression  has  been 
demonstrated  in  gonadoblastoma  tissues,  it  is  uncertain 
if  such  expression  is  involved  in  a  causative  or  conse¬ 
quential  event  of  the  oncogenic  process.  We  postulate 
that  if  TSPY  is  involved  in  gonadoblastoma  develop¬ 
ment,  its  promoter  should  be  functional  in  the  female 
gonad  before  and/or  at  early  stages  of  tumorigenesis. 
To  test  this  hypothesis,  we  generated  several  lines  of 
transgenic  mice  harboring  a  Cre-recombinase  trans¬ 
gene  directed  by  a  2.4-kb  hTSPY  promoter.  These  mice 
were  crossed  with  the  Z/EG  reporter  line  that  expresses 
EGFP  only  after  a  Cre-mediated  recombination.  Our 
results  showed  that  hTSPY-Cre;Z/EG  double  transgenic 
mice  expressed  EGFP  specifically  in  the  germ  cells  of 
both  male  and  female  gonads.  Further,  neurons  of  the 
central  and  peripheral  nervous  systems  also  expressed 
EGFP  as  early  as  E12.5  embryonic  stage.  EGFP  was  par¬ 
ticularly  observed  in  the  trigeminal  nerve,  trigeminal 
ganglion,  dorsal  root  of  the  ganglia,  and  in  postnatal  and 
adult  brains.  These  observations  support  the  hypothesis 
that  TSPY  plays  an  active  role  in  gonadoblastoma.  The 
tissue-specific  expression  of  the  hTSPY-Cre  transgene 
should  also  be  useful  in  studies  utilizing  Cre-mediated 
gene  activation/inactivation  strategies  in  gamatogene- 
sis  and/or  neurogenesis,  genesis  42:263-275,  2005. 
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INTRODUCTION 

The  human  testis-specific  protein  Yencoded  (hTSPY) 
gene  was  initially  identified  as  a  testis-specific  gene 
repeated  tandemly  >35  times  on  the  short  arm  of  the 
human  Y  chromosome  (Arnemann  et  al,  1987;  Zhang 
et  al.,  1992;  Skaletsky  et  al,  2003).  hTSPY  is  expressed 
normally  in  the  germ  cells  of  both  adult  and  fetal  testes 
(Zhang  et  al,  1992;  Schnieders  et  al,  1996;  Honecker 
et  al ,  2004).  It  has  been  postulated  to  serve  a  vital  func- 


tion(s)  in  male  germ  cell  formation  and  early  spermato¬ 
genesis  (Schnieders  et  al,  1996;  Lau,  1999)-  Further, 
TSPY  expression  has  also  been  observed  in  germ  cells  of 
gonadoblastoma,  various  forms  of  testicular  tumors,  and 
epithelial  cells  of  prostate  cancer  (Schnieders  et  al, 
1996;  Lau  et  al,  2000,  2003;  Lau  and  Zhang,  2000).  The 
human  TSPY  shares  significant  homology  with  the  SET 
oncoprotein  and  is  a  founding  member  of  the  TSPY/ 
SET/NAP-1  protein  family  (von  Lindern  et  al,  1992; 
Vogel  et  al,  1998;  Ozbun  et  al,  2001).  Members  of  this 
gene  family  encode  proteins  that  harbor  a  conserved 
NAP/SET  domain  (Ishimi  and  Kikuchi,  1991)  and  have 
been  demonstrated  to  play  various  roles  in  cell  cycle  reg¬ 
ulation  or  cell  differentiation  (Chai  et  al,  2001;  Seo 
et  al,  2001;  Canela  et  al,  2003).  Hence,  hTSPY  has  been 
hypothesized  to  regulate  the  spermatogenic  cells  in 
entering  male  meiosis  or  in  mediating  the  meiotic  divi¬ 
sions  (Schnieders  et  al,  1996;  Lau,  1999)- 

The  human  TSPY  gene  cluster  has  been  mapped  to 
the  critical  region  on  the  Y  chromosome  harboring  the 
gonadoblastoma  locus  (GBY),  the  only  oncogenic  or 
tumor-promoting  locus  currently  identified  on  this  male- 
specific  chromosome  (Page,  1987;  Salo  et  al,  1995;  Tsu- 
chiya  et  al,  1995).  Gonadoblastoma  develops  most  fre¬ 
quently  in  the  dysgenic  gonads  of  XY  sex-reversed 
females  and  those  of  girls  harboring  a  mixture  of  XX/XO 
and  XY  gonadal  cells.  Gonadoblastoma  shares  significant 
similarities  with  the  testicular  carcinoma-in-situ  (CIS) 
and  both  have  been  considered  as  precursors  for  the  more 
aggressive  germ  cell  ttunors  0orgensen  et  al,  1997;  Raj- 
pert-De-Meyts  et  al,  2003).  Although  the  disease  mecha- 
nism(s)  is  stiU  uncertain,  the  aberrant  expression  of  a  Y 
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chromosome  gene(s)  in  a  female  gonadal  environment 
has  been  hypothesized  to  play  an  important  role  in  pre¬ 
disposing  the  dysgenic  gonads  to  tumorigenesis  G^age, 
1987).  TSPY  is  a  strong  candidate  for  GBY  locus  based 
on  several  lines  of  indirect  evidence,  including  its  map¬ 
ping  to  the  GBY  critical  region,  abundant  expression  in 
gonadoblastoma  tissues,  and  significant  homology  to  a 
family  of  cell  cycle  regulatory  proteins.  However,  it  is 
uncertain  whether  the  TSPY  expression  in  gonadoblas¬ 
toma  is  a  causative  event  or  a  consequence  of  the  onco¬ 
genic  process.  Hence,  in  order  to  further  substantiate  its 
role  in  gonadoblastoma,  we  need  to  demonstrate  that  its 
promoter  is  active  in  normal  or  pretumorigenic  female 
gonads.  To  achieve  this  goal,  we  developed  a  transgenic 
strategy  to  investigate  the  hTSPY  promoter  activity.  We 
generated  several  lines  of  transgenic  mice  harboring  a 
Cre  recombinase  gene  directed  by  the  promoter  of 
hTSPY  gene  and  evaluated  the  functionality  of  the 
human  TSPY  promoter  by  either  reverse  transcription- 
polymerase  chain  reaction  (RT-PCR)  analysis  of  the  Cre 
transgene  or  crossing  them  with  the  Z/EG  reporter  line 
that  expresses  EGFP  only  after  a  Cre-mediated  recombi¬ 
nation  (Novak  et  al,  2000).  Since  EGFP  expression  can 
be  directly  observed  as  green  fluorescence,  it  provides  a 
convenient  means  in  indirectly  detecting  the  human 
TSPY  promoter  activity  in  tissues  and  cells  of  transgenic 
embryos  and  adult  mice.  Our  study  demonstrated  that 
the  hTSPY-Cre  transgene  was  expressed  in  germ  cell  line¬ 
age  in  embryos  and  adult  mice  of  both  sexes,  in  particu¬ 
lar,  EGFP  transgene  was  activated  in  adult  hTSPYCre;Z/ 
EG  mice  mediated  by  the  hTSPYCre  gene  in  the  germ 
cells  of  both  male  and  female  animals,  confirming  that 
human  TSPY  promoter  is  active  in  testicular  and  ovarian 
germ  cells.  Significantly,  we  also  detected  high  levels  of 
EGFP  expression  in  neurons  of  the  central  nervous  sys¬ 
tem  (CNS)  and  peripheral  nervous  system  of  adult  mice. 
This  hTSPY  promoter-directed  transgene  activation 
could  also  be  observed  in  selected  neurons  of  fetal 
brains  of  mouse  embryos  as  early  as  El 2. 5  stage.  These 
latter  observations  raise  the  possibility  that  if  similar 
embryonic  expression  can  be  demonstrated  in  humans, 
hTSPY  might  play  additional  roles  in  neuronal  develop¬ 
ment  in  embryos  and  nervous  functions  in  adults. 

RESULTS 

Previous  studies  have  demonstrated  that  a  1.35-kb  pro¬ 
moter  of  the  TSPY  gene  is  capable  and  sufficient  in 
directing  a  transgene  expression  in  the  spermatogonia- 
derived  cell  line,  GC-lspg  (Tascou  et  al,  2000)  and  that 
transgenic  mice  harboring  a  human  TSPY  gene  inte¬ 
grated  in  their  Y  chromosome  show  a  transgene  expres¬ 
sion  pattern  similar  to  that  of  humans  (Schubert  et  al. , 
2003).  In  the  latter  study,  the  transgene  harbors  a  2.9-kb 
promoter  sequence  of  the  human  TSPY  gene  that  is  inte¬ 
grated  into  the  Y  chromosome  of  the  host.  While  this 
transgenic  line  closely  resembles  the  human  TSPY  gene 
in  terms  of  its  chromosomal  location  and  expression  pat¬ 
tern,  it  cannot  be  used  in  the  evaluation  of  the  transgene 


FIG.  1.  The  Cre-LoxP  transgene  activation  system.  A:  The  hTSPY¬ 
Cre  gene  contains  a  2.4-kb  promoter  of  the  human  TSPY  gene 
(white  box),  Cre  recombinase  cDNA  with  a  nuciear  iocaiization  signai 
(gray  arrow),  and  an  SV40  poiyadenyiation  signai  (biack  box).  -i-1 
indicates  the  transcription  start  site.  B:  The  Z/EG  responder  con¬ 
struct  (Novak  et  al.,  2000)  consists  of  two  expression  cassettes, 
pgeo  and  EGFP,  directed  by  a  strong  CAGGS  promoter.  Two  LoxP 
sites  fiank  the  pgeo  gene  that  is  normaiiy  expressed  in  transgenic 
mice  harboring  oniy  Z/EG.  in  hTSPY-Cre;Z/EG  doubie  transgenic 
mice  the  hTSPY  promoter  directs  the  expression  of  Cre  recombi¬ 
nase  which  subsequentiy  cieaves  the  sequence  fianked  by  the  LoxP 
sites,  thereby  repositioning  the  EGFP  gene  under  the  direct  reguia- 
tion  of  the  ubiquitous  CAGGS  promoter.  Flence,  EGFP  expression  is 
indirectiy  iinked  to  the  hTSPY  promoter  activity. 

expression  in  the  female  environment.  Based  on  these 
results,  we  selected  a  2.4-kb  promoter  in  the  present 
study  to  identify  cells  capable  of  expressing  the  hTSPY 
gene  in  the  mouse  using  the  Cre-LoxP  gene  activation 
scheme  (Novak  et  al,  2000).  Preliminary  characteriza¬ 
tion  of  this  2.4-kb  promoter  suggested  that  it  was  capa¬ 
ble  of  directing  the  expression  of  a  reporter  gene  in  the 
spermatogonia  or  spermatocytes-derived  cell  lines,  GC- 
lspg  and  GC-2spd,  respectively,  as  previously  described 
(Tascou  et  al,  2000).  An  expression  cassette  in  which 
this  2.4  kb  promoter  of  the  human  TSPY  gene  was  con¬ 
structed  to  direct  the  expression  of  a  Cre  recombinase 
gene  (Fig.  lA).  Two  transgenic  founder  animals  desig¬ 
nated  #25  (male)  and  #33  (female)  were  obtained  with 
this  construct  using  a  standard  microinjection  proce¬ 
dure.  The  #33  founder  when  bred  with  nontransgenic 
mouse  produced  offspring  with  two  different  copy  num¬ 
bers  of  the  transgene,  suggesting  the  possibility  of  two 
integration  sites  for  this  founder.  Indeed,  two  sublines 
from  founder  #33  were  derived,  resulting  in  line  33A  (42 
copies)  and  line  33B  (6  copies),  respectively  (Fig.  2A). 
Ail  transgenes  seemed  to  have  integrated  into  the  auto- 
somes  of  the  founding  animals,  since  we  did  not  observe 
any  sex-linked  inheritance  of  the  respective  transgenes. 
To  determine  the  expression  of  the  Cre  transgene,  the 
animals  from  lines  25,  33A,  and  33B  were  analyzed  by 
the  RT-PCR  technique.  Line  25  did  not  show  any  detect¬ 
able  signal  of  Cre  transgene  expression  in  any  tissue 
(data  not  shown).  However,  lines  33A  and  33B  showed 
expression  of  the  hTSPYCre  transgene  primarily  in  the 
cerebral  cortex,  cerebellum,  and  gonads  of  male  and 
female  animals  (Fig.  2B,C).  These  expression  patterns 
are  similar  to  that  of  a  transgenic  line  harboring  a  human 
TSPY  transgene  on  the  Y  chromosome  of  the  host  (Schu¬ 
bert  et  al ,  2003). 
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FIG.  2.  Estimation  of  transgene  copy  numbers  and  expression  anaiysis  by  RT-PCR  anaiyses.  A:  Estimation  of  copy  number  of  hTSPY-Cre 
transgene  in  transgenic  mice  by  semiquantitative  PCR  of  taii  DMAs.  Founder  animai  33  had  two  integration  sites  that  were  segregated  into 
two  subiines:  iine  33A  (42  copies)  and  iine  33B  (6  copies).  iD:  identity  number  for  individuai  mouse.  B:  Cre  expression  patterns  in  aduit 
hTSPY-Cre  transgenic  mice  from  iines  33A  (B)  and  33B  (C).  in  both  iines  33A  and  33B,  Cre  mRNA  was  detected  oniy  in  cerebral  cortex,  cere¬ 
bellum,  and  gonads.  Cx,  cerebral  cortex;  Ce,  cerebellum;  Ty,  thymus;  Lu,  lung;  He,  heart;  Li,  liver;  Sp,  spleen;  Ki,  kidney;  Sv,  seminal  vesicle; 
Pr,  prostate;  Te,  testis;  Ov,  ovary;  Ut,  uterus.  D:  hTSPY  promoter-directed  Cre  transcripts  in  the  gonads  and  brains  of  newborn  transgenic 
mice.  Cre  transcript  was  detected  in  gonads  and  brains  of  newborn  pups  of  both  sexes.  Te,  testis;  Ov,  ovary  ;  Br,  brain.  E:  Cre  transcripts  in 
testes  of  mice  at  various  postnatal  ages  (days  8-40).  F:  Cre  expression  in  ovary  at  various  postnatal  ages  (days  8-32).  G:  Expression  pattern 
of  the  mouse  endogenous  Tspy.  The  mouse  Tspy  transcript  was  preferentially  expressed  in  testis  and  at  low  levels  in  a  wide  range  of  tissues, 
including  the  brain.  (i-Actin  was  used  as  a  control.  -lRT  indicates  the  results  with  reverse  transcription  reaction;  -RT,  without  reverse  tran¬ 
scription  reaction.  Signals  are  represented  by  negative  printing  of  ethidium  bromide  staining  of  the  RT-PCR  products  fractionated  by  agar¬ 
ose  gel  electrophoresis. 


The  expression  of  hTSPYCre  transgene  in  the  mouse 
brain  was  somewhat  unexpected.  To  determine  if  the 
expression  pattern  of  the  transgene  resembled  the  endog¬ 
enous  mouse  Tspy  gene,  we  extended  our  investigation 
to  the  Tspy  genes  in  mouse.  The  mouse  harbors  an  appa¬ 
rently  noncoding  Tspy  gene  on  its  Y  chromosome,  due  to 
the  presence  of  several  in-frame  stop  codons  (Mazeyrat 
and  Mitchell,  1998).  The  mouse  Tspy  transcripts  were 
detected  most  prominently  in  the  testis  and  at  low  levels 
among  other  tissues,  including  the  brain  (Tig.  2G,  mouse 
Tspy).  Hence,  the  mouse  Tspy  gene  behaves  similarly  to 
the  hTSPYCre  transgene  in  male  mice  (Fig.  2B,C). 

We  adopted  the  Cre-LoxP  gene  activation  system  to 
visualize  the  hTSPY  promoter  activity  (Fig.  1A,B).  In  this 
scheme,  animals  from  the  hTSPYCre  lines  were  crossed 


with  those  harboring  the  reporter  gene,  Z/EG,  to  gener¬ 
ate  double  transgenic  mice  harboring  both  transgenes. 
The  hTSPY  promoter  directed  the  expression  of  the  Cre 
recombinase  that  cleaved  the  sequence,  pgeo  gene  (i.e.  a 
fusion  gene  coding  for  both  the  (3-galactosidase  and  neo 
resistant  marker),  between  the  loxP  sites  in  the  Z/EG 
transgene,  thereby  repositioning  the  EGEP  gene  directly 
under  the  strong  CAGGS  promoter  (Novak  et  al. ,  2000). 
The  CAGGS  promoter  was  initially  derived  from  the 
CAGG  (or  CAG)  promoter  (Niwa  et  al,  1991)  consisting 
of  the  CMV  enhancer  and  the  chicken  (3-actin  promoter, 
being  capable  of  mediating  a  high  level  of  expression  for 
the  recombined  EGEP  gene.  Hence,  EGEP  expression 
indirectly  represents  the  hTSPY  promoter  activities  in 
these  double-transgenic  mice.  Using  this  strategy,  we 
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FIG.  3.  Expression  of  EGFP  in  gonads  of  hTSPY-Cre;Z/EG  doubie-transgenic  mice.  A:  EGFP  expression  couid  be  observed  directiy  in  dis¬ 
sected  hTSPY-Cre;Z/EG  aduit  testis  (arrows).  B-D:  EGFP  expression  in  maie  germ  ceiis  of  testis  in  hTSPY-Cre;Z/EG  mice  generated  by 
crossing  33A  (C)  and  33B  (D)  with  the  Z/EG  iine.  DNA  was  counterstained  by  DAPI  (biue).  Interstitiai  tissues  inciuding  the  Leydig  ceils 
showed  yellow  fluorescence  that  was  not  part  of  the  EGFP  signal  (arrows  in  B).  E:  No  EGFP  expression  was  observed  in  the  testis  of  a  single 
transgenic  Z/EG  mouse.  Orange  arrowheads  indicate  spermatogonia;  yellow  arrows,  Sertoli  cells;  white  arrows,  spermatocytes;  Rd,  round 
spermatids;  Ed,  elongated  spermatids.  F,G:  Testis  (F)  and  ovary  (G)  sections  of  F2  animals  showing  ubiquitous  expression  of  the  fully  recom¬ 
bined  CAGGS-EGFP  reporter,  respectively.  H:  Direct  observation  of  EGFP  fluorescence  from  a  dissected  ovary  from  an  8-day-old  hTSPY- 
Cre;  Z/EG  mouse.  EGFP  positive  oocytes  were  identifiable  (arrowheads).  I,J:  EGFP  expression  in  maturing  oocytes  (arrows)  of  adult  (I)  and 
8-day  old  (J)  ovaries  of  hTSPY-Cre;Z/EG  mice.  DNA  was  counterstained  by  DAPI  (blue).  Granulosa  cells  (Gr)  were  EGFP  negative.  Arrow¬ 
heads  (in  J)  indicate  oocytes  in  primary  follicles;  white  arrows  indicate  oocytes  in  late  primary  and  early  secondary  follicles;  asterisk,  an 
EGFP-positive  oocyte.  K,L:  Pups  from  a  hTSPY-Cre;Z/EG  female  mouse  mated  with  a  nontransgenic  male  mouse.  Pups  harboring  the 
recombined  CAGGS-EGFP  transgene  could  be  identified  by  their  EGFP  fluorescence  (K,  room  light,  and  L,  blue  excitation  light).  Scale 
bar  =  115  pm  in  B;  34  pm  in  C-E;  100  pm  in  I;  83  pm  in  G. 


tested  both  lines  33A  and  33B  and  showed  that  both 
were  capable  of  inducing  similar  Cre-mediated  recombi¬ 
nation  and  activation  of  the  EGFP  transgene  in  the 
hTSPYCre;Z/EG  double  transgenic  mice.  Since  line  33A 
harbored  a  higher  number  of  transgene  and  the  intensity 
of  its  expression  was  also  higher  than  that  of  line  33B,  line 
33A  was  primarily  used  in  the  analyses  described  below. 

The  expression  of  the  EGFP  reporter  was  readily 
observed  directly  in  dissected  adult  testis  of  hTSPY 


Cre;Z/EG  double  transgenic  mice  (Fig.  3A).  Immuno¬ 
fluorescence  analysis  showed  that  EGFP  was  primarily 
detected  in  round  and  elongating  spermatids  (Fig.  3B-D) 
in  double-transgenic  mice  derived  from  crossing  of  the 
Z/EG  animals  with  those  of  Line  33A  (Fig.  3C)  and  Line 
33B  (Fig.  30).  However,  somatic  cells,  spermatogonia, 
and  spermatocytes  did  not  show  EGFP  expression 
(arrows  in  Fig.  3C,D),  suggesting  that  the  Cre-mediated 
recombination  might  have  occurred  around  the  second 
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FIG.  4.  TSPY  expression  in  normal  human  testis.  A:  Western-blotting  of  protein  extracts  of  COS7  cells  transfected  modular  genes  coding 
for  different  domains  of  TSPY.  Antibodies  from  hybridoma  clone  #2  and  clone  #7  showed  specificities  for  N-terminal  (residue  1-1 50,  lanes  1 , 
4)  and  C-terminal  (residue  151-308,  lanes  2,  5)  halves  of  the  human  TSPY,  respectively.  The  phosphorylated  full-length  (residues  1-308, 
lanes  3,  6)  TSPY  is  '^SS-kDa  in  the  testis  (Schnieders  et  al.,  1996)  was  detected  by  both  monoclonal  antibodies.  The  larger  48-kDa  band  in 
lanes  3  and  6  could  be  result{s)  of  additional  posttranslational  modification  of  the  protein  by  the  COS7  cells.  B-E:  Images  of  normal  human 
testis  immunostained  by  mouse  pre-immune  serum  (B),  and  clone  #2  (C,D),  and  clone  #7  (E)  antibodies,  respectively.  D,E:  Magnified  images 
of  the  boxed  area  in  C,  stained  by  clone  #2  (D)  and  clone  #7  (E),  respectively.  Most  germ  cells  from  spermatogonia  to  spermatids  were 
immunoreactive  to  both  clone  #2  and  clone  #7  (Sg,  Lc,  Pc  and  Sd  in  D,E),  while  the  somatic  cells  including  Sertoli  cells  and  Leydig  cells 
were  negative.  However,  clone  #7  stained  both  the  spermatogonial  cells  and  the  spermatids  with  equal  intensity,  while  clone  #2  showed  a 
preferential  staining  of  the  spermatogonial  cells.  St,  seminal  tubules;  It,  interstitial  cells;  Se,  Sertoli  cells;  Sg,  spermatogonia;  Lc,  leptotene 
spermatocytes;  Pc,  pachytene  spermatocytes;  Sd,  spermatids.  Scale  bar  =  100  pm  in  B,C. 


meiotic  division.  This  observation  is  somewhat  different 
from  the  previously  reported  human  situation  in  which 
TSPY  is  specifically  expressed  in  spermatogonia 
(Schnieders  et  al,  1996).  It  is  conceivable  that  the 
recombination  in  these  hTSPYCre;Z/EG  mice  might 
have  occurred  at  earlier  stages,  e.g.,  spermatogonia  and/ 
or  spermatocytes,  but  the  levels  of  recombination  were 
insufficient  to  activate  the  EGFP  gene  and/or  CAGGS 
promoter  could  become  most  active  in  later  stages, 
thereby  delaying  the  expression  of  the  EGFP  reporter  at 
the  round  and  elongated  spermatids.  Alternatively,  TSPY 
could  be  expressed  in  other  germ  cells,  such  as  the  sper¬ 
matids,  in  addition  to  the  spermatogonia,  but  the  avail¬ 
able  TSPY  antibodies  are  incapable  of  detecting  its 
expression  in  later  stages  of  spermatogenesis. 

To  resolve  these  two  possibilities,  we  reexamined  the 
expression  of  TSPY  in  normal  human  testis  using  immu- 


nohistochemistry  with  two  monoclonal  antibodies  gen¬ 
erated  against  a  full-length  recombinant  human  TSPY 
protein.  The  antibodies  from  two  hybridoma  lines,  desig¬ 
nated  as  clone  #2  and  clone  #7,  recognized  the  N-termi¬ 
nal  (residue  #1-150)  and  C-terminal  (residue  #151-308) 
halves  of  the  human  TSPY  protein  respectively  (Fig.  4A). 
Clone  #7  stained  positively  for  most  germ  cells,  but  pref¬ 
erentially  for  the  spermatogonia  and  round  spermatids 
(Fig.  4E).  However,  clone  #2  stained  preferentially  the 
spermatogonial  cells  (Fig.  4C,D).  The  somatic  cells, 
including  Sertoli  and  Leydig  cells,  were  negative  for  both 
antibodies.  These  findings,  specifically  the  expression  of 
TSPY  protein  in  the  germ  cells  at  late  stages  of  spermato¬ 
genesis,  differ  from  previous  reports  of  TSPY  expression 
in  the  spermatogonial  cells  of  the  human  testis 
(Schnieders  et  al,  1996).  The  differential  detection  of 
TSPY  proteins  by  these  two  N-  and  C-terminus-specific 
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monoclonal  antibodies  is  an  interesting  observation. 
Recent  studies  demonstrated  that  several  minor  TSPY 
transcripts  (designated  ExonlA,  IB,  and  1C)  could  be 
derived  from  alternative  splicing  of  cryptic  splice  sites 
located  at  the  first  exon,  resulting  in  in-frame  deletions 
of  87,  104,  and  139  amino  acids  from  the  N-terminal  half 
of  the  TSPY  protein  (Lau  et  al. ,  2003).  Since  clone  #2  is 
specific  for  the  N-terminus,  variant  proteins  lacking  this 
domain,  as  encoded  by  ExonlA-lC  transcripts,  will  not 
be  recognized  by  this  monoclonal  antibody.  On  the 
other  hand,  clone  #7  is  specific  for  the  C-terminal  half  of 
the  protein,  present  in  all  TSPY  isoforms,  and  is  capable 
of  detecting  most  TSPY  proteins.  The  present  results 
suggest  that  the  abbreviated  forms  of  the  TSPY  protein 
could  be  preferentially  expressed  in  round  spermatids, 
while  both  the  full-length  and  the  abbreviated  forms 
could  be  expressed  in  the  spermatogenic  cells.  These 
findings  suggest  that  TSPY  expression  in  different  stages 
of  the  spermatogenic  cells  in  the  human  testis  may  be 
more  complex  than  what  was  originally  observed. 

The  Cre  transcript  levels  were  also  evaluated  in  the 
testes  of  single  hTSPYCre  transgenic  mice  from  newborn 
(day  1)  to  40  days  after  birth  by  semiquantitative  RT-PCR. 
Our  results  showed  that  the  Cre  recombinase  transcripts 
were  present  in  newborn  male  testis,  ovary,  and  brain  (Pig. 
2D),  but  not  in  nontransgenic  littermates.  The  level  of  Cre 
transcripts  increased  in  the  testis  and  became  most  abun¬ 
dant  at  day  24,  when  meiotic  II  division  was  initially 
observed  and  round  spermatids  appeared  (Fig.  2E,  Cre). 
Our  results,  together  with  recent  observations  of  TSPY 
expression  in  prespermatogonial  cells  in  both  fetal  and 
postnatal  human  testes  (Honecker  et  al,  2004),  suggest 
that  the  human  TSPY  promoter  is  active  in  most  gonocytes 
and  prespermatogonia  at  fetal  and  postnatal  testes  and 
early  and  late  stages  of  spermatogenesis  in  adult  testis. 

The  ovarian  expression  of  the  Cre  transgene  could  be 
detected  with  RT-PCR  as  early  as  newborn  (Fig.  2D)  and 
throughout  the  postnatal  stages  (Fig.  2F).  When  these 
hTSPYCre  transgenic  mice  were  crossed  with  the  Z/EG 
reporter  line,  EGFP  could  be  observed  directly  at  the  fol¬ 
licles  in  ovaries  of  8-day-old  double-transgenic  mice  (Fig. 
3H,  white  arrowheads).  EGFP  was  primarily  located  in 
the  oocytes  in  the  late  primary  follicles  (Fig.  3J,  white 
arrows)  and  those  of  maturing  secondary  follicles  of 


adult  females  (Fig.  31,  white  arrows).  However,  EGFP 
was  not  observed  in  the  granulosa  cells  (Fig.  31,  Gr)  nor 
the  early  primary  follicles  (Fig.  3J,  orange  arrowheads)  in 
these  hTSPYCre;Z/EG  mice.  The  expression  of  EGFP  in 
either  the  oocytes  or  sperm  of  these  hTSPY-Cre;Z/EG 
mice  did  not  seem  to  affect  their  fertility  nor  reproduc¬ 
tive  functions.  The  recombined  CAGGS-EGFP  gene  could 
be  transmitted  to  the  offspring  when  these  double-trans¬ 
genic  mice  were  mated  with  nontransgenic  partners. 
Since  recombined  EGFP  transgene  was  under  the  direc¬ 
tion  of  the  CAGGS  promoter,  it  is  expressed  ubiquitously 
among  many  tissues  of  positive  pups  of  the  F2  genera¬ 
tions  (Fig.  3K,L).  Although  the  Cre  transgene  could  also 
be  expressed  in  early  primary  oocytes  and  spermatogo¬ 
nia  and  spermatocytes,  since  its  transcript  could  be 
detected  in  the  ovaries  and  testes  of  newborn  and  pre¬ 
puberty  animals,  respectively,  by  RT-PCR  (Fig.  2D,E),  the 
expression  of  EGFP  reporter  in  the  double  transgenic 
mice  is  probably  a  true  indication  of  the  actual  activities 
of  the  Cre  recombinase  directed  by  the  human  TSPY 
promoter.  Analysis  the  F2  animals  harboring  the  recom¬ 
bined  CAGGS-EGFP  transgene  showed  that  EGFP  was 
expressed  almost  ubiquitously  in  most  cells  in  both  the 
testis  and  the  ovary  (Fig.  3F,G,  respectively),  hence  the 
differential  expression  of  EGFP  cannot  be  attributed  to 
any  differences  in  CAGGS  promoter  activities  in  the 
respective  cell  types  in  the  hTSPYCre;Z/EG  double 
transgenic  mice.  These  results  support  the  postulation 
that  the  2.4-kb  human  TSPY  promoter  is  functional  in 
germ  cells  of  postnatal  testis  and  ovary,  and  is  most 
active  in  germ  cells  at  late  meiotic  stages. 

Detection  of  Cre  transcripts  in  brains  of  hTSPYCre 
mice  was  an  interesting  observation  (Fig.  2B,C). 
Although  TSPY  transcripts  have  been  reported  in  human 
brain  EST  databases  (GenBank  access,  nos.  BI828033, 
BX281192)  and  in  transgenic  mice  harboring  a  human 
TSPY  transgene  on  their  Y  chromosome  (Schubert  et  al , 
2003),  the  expression  of  TSPY  in  the  brain  has  not  been 
characterized  in  detail.  The  availability  of  the  hTSPYCre 
transgenic  mouse  offers  an  opportunity  to  evaluate  the 
behavior  of  the  human  TSPY  promoter  in  directing 
expression  of  the  EGFP  reporter  gene  in  the  brain.  The 
frontal  view  of  the  whole  brain  from  hTSPYCre;Z/EG 
transgenic  mice  showed  a  general  green  fluorescence 


FIGURE  5.  EGFP  expression  mediated  by  hTSPY-Cre  recombination  in  adult  brain.  A-D:  Frontal  (A.C)  brain  and  brain  stem  views  (B.D)  of 
double-transgenic  and  single  transgenic  mice  respectively  were  observed  under  the  regular  room  light  (left  panels)  and  EGFP  excitation  light 
(right  panels).  Only  brains  of  double-transgenic  mice  showed  EGFP  expression.  Yellow  arrowhead,  the  trigeminal  nerve;  orange  arrows, 
anterior  lobes  of  pituitary  gland  in  B,D.  E:  A  section  of  the  cerebral  cortex;  no  cell  was  double-stained  by  anti-GFP  (green)  and  anti-GFAP 
(red),  indicating  that  these  two  proteins  did  not  express  in  the  same  cells.  F-H:  Sections  of  the  dorsal  cortex  of  the  inferior  colliculus  (DCIC), 
the  molecular  layer  (MOL),  and  the  granule  layers  (GRN)  of  the  cerebellum,  showing  EGFP  (F)  and  NeuN  (G)  expression.  H;  Merged  image  of 
F  and  G,  showing  a  colocalization  (orange  color)  of  both  EGFP  and  NeuN  in  the  same  cells.  White  arrows  point  to  Purkinje  cells  that  are  neg¬ 
ative  for  NeuN  antibody.  I-N:  Sections  of  the  hippocampus  showing  EGFP  (I)  and  NeuN  (J)  expression,  respectively.  The  boxed  areas  in  I 
and  J  are  magnified  in  K  and  L,  respectively.  M,N:  DNA  (blue)  staining  and  merged  images  of  the  boxed  areas,  respectively.  Samples  pre¬ 
sented  in  F-N  were  derived  from  a  female  hTSPY-Cre;Z/EG  double  transgenic  mouse.  O-R:  hTSPY-Cre33B;Z/EG  also  showed  EGFP 
expression  in  neuron-specific  manner.  EGFP  expression  (0,Q)  and  merged  image  with  NeuN  expression  (P,R)  in  cerebellum  (0,P)  and  pyra¬ 
mid  cell  layer  of  hippocampus  (Q,R),  respectively.  Arrows  indicate  Purkinje  cell  (F,H,0,P).  Only  NeuN-positive  neurons,  except  Purkinje’s 
cells  (arrows  in  G,P),  expressed  the  EGFP  reporter  and  were  observed  as  yellow/orange  in  the  merged  images  (H,N,P,R).  All  figures,  except 
O-R,  were  obtained  from  hTSPY-Cre33A;Z/EG  double  transgenic  mice,  while  O-R  were  derived  from  hTSPY-Cre33B;Z/EG  mice.  CA1-CA3, 
fields  of  the  hippocampus;  DG,  dentate  gyrus;  cortex,  cerebral  cortex;  Or,  oriens  layer  of  hippocampus;  Py,  pyramidal  cell  layer  of  hippo¬ 
campus;  Rad,  stratum  radiatum  of  hippocampus.  Scale  bar  =  50  pm  in  E,Q,R;  100  pm  in  F-H  and  0,P;  126  pm  in  K-N. 
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(Fig.  5A).  At  the  brain  stem,  green  fluorescence  was 
observed  in  the  optic  cord  and  trigeminal  nerve  (Fig.  5B, 
yellow  arrowhead),  but  not  in  anterior  pituitary  gland 


(Fig.  5B,  orange  arrowhead).  Single  transgenic  mice  har¬ 
boring  only  the  Z/EG  transgene  did  not  show  any  green 
fluorescence  at  the  same  brain  structures  (Fig.  5C,D). 
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FIG.  6.  EGFP  and  Cre  transgene  expression  in  El 2.5  hTSPY-Cre;Z/EG  embryos.  A-D:  Embryos  observed  under  EGFP  excitation  iight. 
A,B:  A  hTSPY-Cre;Z/EG  embryo.  B:  Merged  image  of  that  in  A  and  one  under  room  iight.  Green  fiuorescence  was  observed  oniy  around  the 
nerve  systems  (arrows).  Vi  indicates  foiiicies  of  vibrissa.  C:  A  singie  hTSPY-Cre  transgenic  embryo  showing  no  green  fiuorescence.  D:  An  F2 
embryo  harboring  a  fuiiy  recombined  CAGGS-EGFP  expressed  EGFP  ubiquitously.  E-G:  Immunofluorescence  of  section  at  the  head  area 
(similar  to  that  in  A)  of  a  female  hTSPY-Cre;Z/EG  embryo.  E:  Merged  image  of  EGFP  (green),  neurofilament-M  (red),  and  DNA  (blue).  F,G: 
Individual  images  of  EGFP  (F)  and  neurofilament-M  (G)  of  boxed  area  in  E.  H,l:  Cre  expression  in  trigeminal  ganglion  detected  by  anti-Cre 
antibody  staining.  Cre  expressing  cells  were  detected  only  in  hTSPY-Cre;Z/EG  embryo  (H,  arrowheads),  but  not  in  -;Z/EG  embryo 
(I).  J:  Section  of  DRG  from  a  male  hTSPY-Cre;Z/EG  embryo  immunostained  by  anti-EGFP  (green)  and  anti-p-galactosidase  (red).  Cells  that 
had  undergone  a  Cre-mediated  recombination  showed  EGFP  expression,  i.e.,  in  the  sensory  neurons,  and  those  that  did  not  go  through 
such  a  recombination  showed  p-galactosidase  expression.  K:  hTSPY  promoter  activities  in  hTSPY-Cre  tissues  of  El 2.5  embryos  detected 
by  RT-PCR  method.  Cre  expression  was  found  in  gonads,  liver,  and  brain.  Abbreviations  are  the  same  as  in  Figure  2.  Scale  bars  =  2  mm  in 
A-D;  200  |xm  in  E;  100  pm  in  J. 


To  characterize  the  hTSPY  promoter  activity  in  the 
brain,  we  analyzed  the  EGFP  expression  in  conjunction 
with  immunofluorescence  staining  against  the  neuronal- 
specific  nuclear  protein  (NeuN)  and  astrocyte-specific 
glial  fibrillary  acidic  protein  (GFAP)  (Debus  et  al.,  1983; 
Mullen  et  al,  1992).  The  cerebellum  and  the  dorsal  cor¬ 
tex  of  the  inferior  colliculus  (DClC)  contained  only 
NeuN-positive  cells,  while  Purkinje  cells  were  positive 


for  only  EGFP  (Fig.  5F-H).  The  ratio  of  EGFP-positive  cells 
to  all  NeuN-positive  cells  was  slightly  different  among  the 
hTSPYCre;Z/EG  mice;  however,  there  was  no  significant 
difference  between  male  and  female  animals  (data  not 
shown).  Similar  results  were  observed  in  the  cerebral  cor¬ 
tex  and  the  hippocampus  (Fig.  5I-N)  of  the  double-trans¬ 
genic  mice,  while  EGFP  did  not  show  any  colocalization 
with  GFAP-positive  cells  (Fig.  5E).  As  shown  in  hTSPY 
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Cre33A;Z/EG  mice,  the  hTSPYCre33B;Z/EG  mice  also 
showed  EGFP  expression  in  a  neuron-specific  manner 
(e.g.,  Fig.  50-R).  These  results  suggest  that  the  hTSPY 
promoter  is  specific  for  neurons,  but  not  astrocytes,  in 
the  brain. 

Sexual  dimorphism  has  been  postulated  to  play  a  role 
in  brain  development  during  embryogenesis  (MacLusky 
and  Naftolin,  1981;  Arnold  and  Burgoyne,  2004;  De 
Vries,  2004).  The  availability  of  the  hTSPYCre  and  Z/EG 
mice  provided  an  opportunity  to  determine  the  pro¬ 
moter  activities  of  a  human  Y  chromosome  gene  during 
mouse  embryogenesis.  Embryos  at  or  immediately  after 
sex  determination,  i.e.,  at  stages  E12.5-13.5,  were  used 
in  the  present  studies.  At  this  time  gonadal  sex  has 
already  been  decided  by  the  action  of  the  Sry  gene  while 
the  sexual  hormonal  environments  are  still  not  fully 
developed  (MacLusky  and  Naftolin,  1981;  Arnold  and 
Burgoyne,  2004;  De  Vries,  2004).  RT-PCR  analysis  of 
total  RNAs  derived  from  testis,  male  liver  and  brain,  and 
ovary  of  El 2. 5  hTSPYCre  embryos  showed  detectable 
Cre  transcripts  (Fig.  6K).  At  E12.5,  green  fluorescence 
was  visible  directly  at  the  head  and  vertebral  column  of 
both  male  and  female  double-transgenic  hTSPYCre;Z/EG 
embryos  (Fig.  6A,B,  white  arrows)  while  it  was  absent  in 
single  transgenic  hTSPYCre  embryos  (Fig.  6C).  Immuno¬ 
fluorescence  staining  of  tissue  sections  from  these 
embryos  showed  that  EGFP  was  expressed  principally  in 
the  trigeminal  ganglion  (TG)  and  partially  in  the  trigemi¬ 
nal  nerve  (TN)  of  the  primitive  brain  (Fig.  6E),  which 
were  also  positive  for  neurofilament  M  (Fig.  6E-G). 
Immuno staining  of  similar  sections  showed  that  they 
were  also  positive  for  the  Cre  protein  (Fig.  6H).  These 
results  suggest  that  the  human  TSPY  promoter  is  most 
active  in  embryonic  neurons  at  these  developmental 
stages  of  embryogenesis. 

Although  Cre  recombinase  transcripts  were  detected 
in  various  embryonic  tissues  at  this  developmental  stage, 
EGFP,  indicative  of  an  efficient  recombination,  was  not 
easily  observed  among  these  tissues,  including  both  the 
testis  and  ovary.  To  evaluate  the  recombination  status  of 
the  Z/EG  transgene  in  the  double-transgenic  embryos, 
we  analyzed  the  expression  of  both  EGFP  and  (3geo 
genes  in  these  tissues,  detected  by  antibodies  against 
EGFP  and  p-galactosidase,  respectively.  Our  results  dem¬ 
onstrate  that  neurons  in  the  dorsal  root  ganglion  (DRG) 
underwent  successful  recombination  and  showed 
high  EGFP  expression  (Fig.  6A,  white  arrows,  and  6j), 
while  the  EGFP  reporter  transgene  in  most  surrounding 
nonneuronal  cells  did  not  undergo  any  recombination 
and  remained  (3-galactosidase-positive.  Morphologically, 
many  of  these  EGFP-positive  cells  seemed  to  be  sensory 
neurons  of  the  peripheral  nervous  system.  The  fetal 
gonads,  however,  showed  little  or  no  EGFP  immuno¬ 
fluorescence  and  most  cells  were  still  positive  for  (B-gal- 
actosidase  (data  not  shown).  These  results  suggest  that 
insufficient  Cre  recombinase  was  available  for  an  effi¬ 
cient  recombination  in  the  fetal  gonads,  and  perhaps 
other  tissues  (e.g.,  liver),  despite  the  presence  of  the  Cre 
transcripts  (Fig.  6K). 


DISCUSSION 

The  GBY  locus  has  been  hypothesized  to  harbor  a 
gene(s)  that  serves  a  vital  function  in  the  testis;  however, 
when  present  in  a  female  gonad  it  exerts  an  oncogenic 
function  leading  to  gonadoblastoma  development  (Page, 
1987;  Lau,  1999;  Tsuchiya  et  al,  1995).  For  the  past  sev¬ 
eral  years  the  human  TSPY  gene  has  been  considered  a 
strong  candidate  for  the  GBY  locus,  based  on  its  map¬ 
ping  to  the  GBY  critical  region  on  the  human  Y  chromo¬ 
some  and  expression  in  tumor  germ  cells  of  gonadoblas¬ 
toma  samples  and  in  male-specific  cancers,  testicular 
seminoma,  and  prostate  cancer  (Lau,  1999;  Lau  et  al, 
2000,  2003).  Although  TSPY  encodes  a  protein(s)  har¬ 
boring  an  NAP/SET  domain  capable  of  binding  to  type  B 
cyclins  (Kellogg  et  al,  1995),  the  exact  mechanism  of  its 
postulated  oncogenic  or  tumor-promoting  properties 
has  not  been  resolved.  Significantly,  it  is  uncertain 
whether  its  expression  in  gonadoblastoma  tissue  repre¬ 
sents  a  causative  or  consequential  event.  If  it  plays  an 
oncogenic  or  tumor-promoting  role,  we  surmise  that  it 
should  be  expressed  in  female  germ  cells,  prior  to  or  at 
the  early  stages  of  gonadoblastoma  development.  The 
present  study  demonstrates  that  the  2.4-kb  human  TSPY 
promoter,  when  integrated  into  the  autosomes  of  trans¬ 
genic  mice,  is  capable  of  directing  the  expression  of  a 
modular  Cre  gene  in  the  female  germ  cell  lineage.  Its 
expression  increases  significantly  in  the  late  primary  and 
secondary  oocytes  of  the  ovaries,  thereby  efficiently  acti¬ 
vating  the  EGFP  reporter  in  the  Cre-LoxP  system  used  in 
this  study.  Hence,  it  is  possible  that  TSPY  could  be  simi¬ 
larly  active  in  the  germ  cell  lineage  of  XY  sex-reversed 
females  before  or  at  the  early  stages  of  the  oncogenic 
process,  thereby  supporting  the  hypothesis  that  TSPY 
plays  a  causative  or  predisposing  role  in  gonadoblastoma 
development  in  these  patients. 

TSPY  expression  has  been  observed  in  the  gonocytes 
and  prespermatogonia  in  human  fetal  and  postnatal 
testes  (Honecker  et  al,  2004)  and  spermatogonia  and 
spermatocytes  in  adult  testis  (Schnieders  et  al,  1996). 
Similar  expression  in  adult  testis  has  been  reported  in 
transgenic  mice  harboring  an  8.2-kb  genomic  fragment 
encompassing  the  entire  human  TSPY  gene  on  the 
mouse  Y  chromosome  (Schubert  et  al ,  2003).  However, 
our  results  clearly  demonstrate  that  the  human  TSPY 
promoter  is  active  in  both  early  and  late  stages  of  sper¬ 
matogenesis  in  the  mouse.  Reexamination  of  TSPY 
expression  pattern  in  adult  human  testis  using  a  panel  of 
domain-specific  monoclonal  antibodies  suggests  a  bimo- 
dal  expression  pattern  of  TSPY  isoforms  initially  in  early 
spermatogonia  and  spermatocytes  and  then  in  late  sper¬ 
matids  (Fig.  4).  We  surmise  that  the  discrepancy  in 
detecting  TSPY  protein  in  various  stages  of  spermatogen¬ 
esis  between  the  laboratories  could  be  attributed  to  the 
differences  in  the  specificities  of  the  antibodies  used  in 
the  respective  studies.  Unfortunately,  the  single-copy 
Tspy  gene  on  the  mouse  Y  chromosome  harbors  several 
in-frame  stop  codons  in  its  coding  sequence  and  does 
not  encode  any  functional  protein  and,  therefore,  could 
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not  be  used  in  expression  studies  of  the  endogenous 
Tspy  protein  in  the  present  study  (Mazeyrat  and  Mitch¬ 
ell,  1998).  The  rat,  however,  possesses  a  functional  Tspy 
gene  on  its  Y  chromosome.  Using  a  rat  Tspy-specific  pol¬ 
yclonal  antibody,  we  were  able  to  detect  the  rat  Tspy 
protein  in  the  spermatids  of  adult  rat  testis  (Kido  and 
Lau,  unpubl.  data).  This  latter  observation  suggests  that 
the  Tspy  gene  might  be  active  in  the  spermatids  of  the 
rodents.  If  the  regulatory  mechanism  in  the  rat  is  pre¬ 
served  in  the  mouse,  our  results  suggest  that  the  2.4-kb 
human  promoter  is  properly  regulated  in  the  spermatids 
of  transgenic  mice. 

Studies  on  TSPY  expression,  initially  postulated  to  be 
testis-specific,  in  the  brain  are  somewhat  limited,  despite 
the  fact  that  transcripts  of  the  human  TSPY  transgene 
could  be  detected  by  the  Northern  hybridization  techni¬ 
que  (Schubert  et  al,  2003)  and  TSPY  ESTs  have  also 
been  reported  in  databases  of  brain  cDNA  libraries 
(GenBank  access,  nos.  BI828033  and  BX281192).  The 
expression  of  the  human  TSPY  promoter  directed  Cre 
recombinase  gene,  and  that  of  the  EGFP  reporter  gene, 
in  the  neurons  of  both  central  and  peripheral  nervous 
systems  of  transgenic  mice  is  a  significant  finding.  Using 
the  Cre-LoxP  gene  activation  system,  we  are  able  to  dem¬ 
onstrate  the  specific  cell  types  in  the  central  and  periph¬ 
eral  nervous  systems  where  the  TSPY  promoter  is  active. 
In  particular,  the  neuron-specific  expression  of  the  EGFP 
reporter  in  the  trigeminal  ganglia,  trigeminal  nerve,  and 
dorsal  root  ganglia  of  El 2- 13  mouse  embryos  suggests 
that  the  human  TSPY  gene  promoter  is  active  at  the  time 
or  immediately  after  sex  determination  in  these  embryos. 

Currently,  it  is  uncertain  which  cis-elements  are 
involved  in  germ  cell  and  neuron-specific  expression  of 
the  human  TSPY  promoter.  The  human  TSPY  gene  con¬ 
tains  various  CpG  islands  within  its  promoter  and  first 
exon  sequences.  In  fact,  these  CpG  islands  were  used  as 
functional  landmarks  in  identifying  the  TSPY  functional 
gene  from  a  human  Y  chromosome  cosmid  library 
(Zhang  et  al,  1992).  Several  germ  cell-specific  genes 
have  been  demonstrated  to  harbor  CpG  islands  that  are 
regulated  through  various  methylation,  demethylation 
process(es),  and  recruitment  of  transcription  factors  (De 
Smet  et  al,  1999;  lannello  et  al,  2000;  Hisano  et  al, 
2003).  The  human  TSPY  promoter  harbors  a  5'- 
GGGTGGG-3'  motif  at  108  bp  upstream  of  its  transcrip¬ 
tion  start  site.  This  element  has  also  been  detected  on 
the  promoters  of  some  testis-specific  genes,  including 
proacrosin,  protamine  1  and  2,  and  Hsp70-3,  and  hence 
could  potentially  play  a  key  role  in  determining  the  germ 
cell-specific  expression  of  the  TSPY  gene  (Friedrich 
et  al,  1998;  Steger,  1999).  Currently,  we  are  uncertain  if 
any  enhancer  element  for  spermatogonial  cells  is  present 
in  the  2.4-kb  TSPY  promoter.  Since  animals  from  the 
transgenic  line  harboring  the  8.5-kb  (including  a  2.9-kb 
promoter)  TSPY  transgene  (Schubert  et  al,  2003) 
express  their  transgene  in  spermatogonial  cells,  as 
detected  by  immunostaining  with  a  TSPY  antibody  gen¬ 
erated  by  these  investigators,  one  might  argue  that  any 
spermatogonial  enhancer  elements  could  likely  be 


present  within  the  500-nucleotide  sequence  between 
—2.9  kb  to  —2.4  kb  of  the  human  TSPY  promoter. 

Alternatively,  the  difference  in  expression  between 
the  two  studies  could  reflect  the  effects  of  meiotic  sex 
chromosome  inactivation  (MSCI).  During  early  meiotic 
prophase,  the  X  and  Y  chromosomes  are  subjected  to 
cbromosome-wide  silencing  and  for  many  genes  it  per¬ 
sists  until  the  end  of  spermatogenesis.  By  contrast,  the 
autosomes  escape  this  silencing  mechanism  (Tuner 
et  al,  2005).  Thus,  the  TSPY  transgene  that  integrated 
on  the  Y  chromosome  of  the  host  (Schubert  et  al ,  2003) 
will  be  subjected  to  MSCI  and  therefore  be  silent  in  late 
spermatogenesis,  while  those  integrated  on  the  auto¬ 
somes  (such  as  the  hTSPYCre  transgenes  in  the  present 
study)  will  escape  MSCI  and  will  therefore  be  expressed 
at  late  spermatogenic  stages. 

The  neuron-expression  of  the  TSPY  promoter  is  some¬ 
what  unclear.  The  Olf-1  transcription  factor  has  been 
postulated  to  regulate  the  olfactory  receptor  gene  expres¬ 
sion  in  adult  and  during  neuronal  development,  by  binding 
to  the  Olf-1  binding  motif,  5'-TCCYYRRGGAG-3',  present 
in  its  target  genes  (Wang  and  Reed,  1993).  The  human 
TSPY  promoter  harbors  such  a  motif  at  533  bp  upstream 
of  its  transcription  initiation  site.  This  element  could  be 
responsible  for  the  hTSPYCre  activation  of  the  EGFP 
reporter  in  the  trigeminal  ganglia,  trigeminal  nerve,  and 
sensory  neurons  of  El 2. 5  embryos  and  in  the  brains  of 
adult  mice.  Although  TSPY  has  been  hypothesized  to  be 
critical  in  germ  cell  development  and  male  meiosis,  its 
roles  in  neural  development  and  brain  function  is  clearly 
understood.  However,  a  recent  study  of  the  sudden  infant 
death  with  dysgenesis  of  the  testis  syndrome  (SIDDT) 
detected  a  mutation  of  the  TSPYlike  1  gene  (TSPYLl),  an 
autosomal  analog  of  the  TSPY  gene  (Puffenberger  et  al, 
2004).  The  mutated  TSPYLl  gene  encodes  a  protein  with  a 
deleted  TSPY/NAP/SET  domain,  conserved  among  mem¬ 
bers  of  this  gene  family.  This  finding  and  those  of  the 
present  study  suggest  that  TSPYLl  and  TSPY  may  play  a 
role(s)  in  neuronal  development  and/or  functioning  of  the 
nervous  system,  in  addition  to  its  fimction  as  a  germ  cell 
factor  in  the  testis.  The  hTSPYCre  lines  should  be  useful 
for  studies  requiring  germ  cell  and  neuron-specific  gene 
activation  or  gene  deletion  with  the  Cre-LoxP  system  in 
transgenic  mice. 

MATERIALS  AND  METHODS 

Animals 

The  Z/EG  reporter  mouse  (Novak  et  al,  2000)  was 
obtained  from  the  Jackson  Laboratory  (Bar  Harbor,  ME; 
stock  number  003920).  FVB  mice  (Charles  River  Laborato¬ 
ries,  Wilmington,  MA)  were  used  in  maintaining  the  ani¬ 
mals.  Mice  older  than  6  weeks  were  analyzed  as  adults. 
All  transgenic  mice  used  in  this  study  were  heterozygous 
for  the  respective  transgene.  The  Institutional  Animal 
Care  and  Use  Committee  of  the  VA  Medical  Center 
approved  all  experimental  procedures  in  accordance  with 
the  NIH  Guide  for  Care  and  Use  of  Laboratory  Animals. 
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Construction  of  the  phTSPY-Cre  Plasmid 
and  Generation  of  Transgenic  Mice 

The  2.4k-bp  promoter  region  (—2383  to  +43  from  the 
transcription  start  site)  of  human  TSPY  gene  was  excised 
by  SphI  from  the  plasmid,  pTSPY12.5  (Zhang  et  al, 
1992),  and  subcloned  as  a  blunt-end  fragment  into  the 
Xhol  site  of  pGL2-basic  plasmid  (Promega,  Madison, 
WI),  resulting  in  the  plasmid  pGL2-hTSPY2.4.  The  CMV 
promoter  in  the  expression  plasmid  pCS2plus  (Rupp 
et  al,  1994;  Turner  and  Weintraub,  1994)  was  replaced 
by  the  hTSPY2.4  promoter,  resulting  in  an  expression 
vector,  phTSPY2.4,  consisting  of  a  hTSPY2.4  promoter, 
multiple  cloning  site,  and  polyadenylation  site  from 
SV40.  The  Cre  gene  was  excised  from  pCAGGS-NLS-Cre- 
PGKPuro/cg  (a  gift  of  C.  Lobe,  Sunnybrook  and  Wom¬ 
en’s  College  Health  Science  Center,  Toronto)  by  Pstl  and 
Bglll,  and  inserted  into  the  Hindlll  site  of  phTSPY2.4. 
The  resultant  phTSPYCre  plasmid  was  linearized  by  Seal 
and  gel-purified  by  binding  to  glass  beads  (BIO  101,  La 
Jolla,  CA).  The  fragment  was  microinjected  into  the  pro¬ 
nuclei  of  one-cell  embryos  of  B6CBAF1  and  processed 
for  transgenic  mouse  construction  using  standard  proce¬ 
dures  by  the  Stanford  Transgenic  Mouse  Core  Labora¬ 
tory.  All  offspring  were  analyzed  by  PCR  on  genomic 
DNA  from  tail  biopsies  with  Cre  primers  (Cre-2F:  5'-TGC 
ATT  ACC  GGT  CGATGC  AA-3',  Cre-3R:  5'-AGC  TAC  ACC 
AGA  GAC  GGA  AA-3')  and  EGFP  primers  (EGFP-F:  5'- 
GCA  AGC  TGA  CCC  TGA  AGT  TCA  TC-3',  EGFP-B:  5'- 
AAC  TCC  AGC  AGG  ACC  ATG  TGA  TCG-3').  A  semiquan- 
titative  PCR  procedure  was  used  to  estimate  the  trans¬ 
gene  copy  numbers  with  0.1  gg  of  genomic  DNA  from 
tail  biopsies  at  27  and  30  cycles,  using  phTSPYCre  plas¬ 
mid  as  a  reference. 

Semiquantltatlve  RT-PCR 

Total  RNA  was  isolated  from  various  tissues  by  the 
TORIZOL  reagents  (Invitrogen,  Carlsbad,  CA)  or  RNA 
easy  mini  kit  (Qiagen,  Valencia,  CA)  according  to  proto¬ 
cols  supplied  by  the  respective  vendors  for  adult  stages 
and  newborn  stages,  respectively.  After  treatment  by 
RQl-DNase  (Promega)  to  remove  any  contaminated 
DNA,  0.36  gg  of  total  RNA  (final  21  gl  reaction)  was 
reverse-transcribed  with  the  Superscript  reverse  tran¬ 
scriptase  kit  2  (Invitrogen).  One  gl  of  reverse-transcribed 
product  was  subjected  to  PCR  using  the  touchdown  pro¬ 
cedure:  1  X  95°C,  5  min;  2  X  (95°C,  1  min;  68°C,  1  min; 
72°C,  1  min),  2  X  (95°C,  1  min;  66°C,  1  min;  72°C,  1 
min),  2  X  (95°C,  1  min;  64°C,  1  min;  72°C,  1  min),  2  X 
(95°C,  1  min;  62°C,  1  min;  72°C,  1  min),  32-40  X  (95°C, 
1  min;  60°C,  1  min;  72°C,  1  min),  and  72°C,  7  min.  The 
PCR  products  were  analyzed  by  electrophoresis  in  a 
1.2%  agarose  gel  and  visualized  by  ethidium  bromide 
staining.  The  following  primers  were  used  for  semiquan- 
titative  RT-PCR:  mouse  Tspy  (5'-CCT  GAC  TCC  ACC 
TGG  ACT  GCT  TAT  AT-3',  5'-TCA  TCT  TGG  TTG  CTG 
ATG  ATG  GAC  GA-3');  (3-actin  (5'-TCA  CCC  ACA  CTG 
TGC  CCA  TCT  ACG  A-3',  5'-CCA  CGT  CAC  ACT  TCA  TGA 
TGG  A-3'),  and  Cre  primers,  as  described  above. 


Histology  and  Immunohistochemistry 

Whole  embryos  or  dissected  tissue  were  initially 
observed  under  the  Leica  MZ-FLlll  fluorescence  stereo¬ 
microscope  and  recorded  with  a  DC300F  digital  imaging 
system.  They  were  then  fixed  overnight  in  10%  formal- 
dehyde-PBS  (phosphate-buffered  saline),  pH  7.2  (Fisher 
Scientific,  Hampton,  NH)  at  4°C.  The  tissues  were  incu¬ 
bated  progressively  through  10-30%  sucrose  in  2%  DMSO  / 
100  mM  PB  (pH  7.2)  for  12  h  at  each  step  at  4°C.  They 
were  then  incubated  in  Tissue  Freezing  Medium  (Triangle 
Biomedical  Sciences,  Durham,  NC)  at  4°C  for  1  h  prior  to 
being  embedded  in  the  Tissue  Freezing  Medium  over 
liquid  nitrogen.  Ten-gm  cryosections  were  cut  with  a 
cryostat,  air-dried  for  30  min,  and  then  washed  3  times  in 
PBS  for  5  min  each.  The  sections  were  blocked  with  3% 
bovine  serum  albumin  (BSA)  in  PBS  and  then  reacted  with 
the  primary  antibodies  at  appropriate  dilutions.  After 
overnight  incubation  at  4°C,  the  slides  were  washed  in 
PBS  and  then  incubated  with  the  appropriate  secondary 
antibody  for  3  h  at  37°C.  DNA  was  stained  by  the  DAPl 
dyne  in  the  mounting  buffer  (Vector  Laboratories,  Burlin¬ 
game,  CA).  Fluorescent  staining  was  examined  with  a 
Zeiss  Axiophoto  fluorescence  microscope  and  recorded 
by  a  LEl-750  digital  imaging  system.  Alexa488  conjugated 
rabbit  anti-GFP  antibody  (1 :400)  and  Alexa568  conjugated 
donkey  antimouse  IgG  antibody  (1:600)  were  obtained 
from  Molecular  Probes  (Eugene,  OR).  Mouse  anti-neuro- 
filament  M  antibody  (1:500),  mouse  anti-glial  fibrillary 
acidic  protein  (GEAP)  antibody  (1:500),  and  mouse  anti¬ 
neuronal  nuclei  (NeuN)  antibody  (1:150)  were  obtained 
from  Chemicon  International  (Temecula,  CA).  Mouse  anti- 
(B-galactosidase  antibody  (1:100)  was  obtained  from 
AbCam  (Cambridge,  UK). 

Por  the  immunohistological  analysis  of  Cre  expres¬ 
sion,  cryosections  were  air-dried  and  treated  with  a  3% 
H2O2  solution  for  10  min.  The  sections  were  blocked 
with  10%  normal  goat  serum  in  PBS  and  incubated  with 
a  rabbit  anti-Cre  antibody  (1:1,000,  Novagen,  San  Diego, 
CA)  overnight  at  4°C.  The  primary  antibody  was  visual¬ 
ized  by  reacting  with  biotinylated  antirabbit  IgG  anti¬ 
body  (1 :600,  Upstate  Biochemicals,  Lake  Placid,  NY)  and 
horseradish  peroxidase  conjugated  avidin  (Vector  Labo¬ 
ratories),  using  diaminobenzine  as  substrate.  Nuclei 
were  visualized  by  counterstaining  with  hematoxylin. 
The  immunostained  sections  were  examined  and 
recorded  with  a  Zeiss  Axiophot  microscope  as  before. 

Analysis  of  TSPY  Expression  in  Normal 
Human  Testis 

Antihuman  TSPY  mouse  monoclonal  antibodies  were 
produced  with  the  hybrldoma  technology  against  the 
full-length  recombinant  human  TSPY  by  a  commercial 
vendor  (Vancouver  Biotechnology,  Vancouver,  BC).  The 
locations  of  epitopes  were  assigned  by  Western  blotting 
of  protein  extracts  from  COS7  cells  transfected  with 
expression  vectors  consisting  of  pCS2plus  (Rupp  et  al , 
1994;  Turner  and  Weintraub,  1994)  and  cDNA  fragments 
coding  for  1-150  aa,  151-308  aa,  or  1-308  aa  of  the 
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human  TSPY  (Zhang  et  al,  1992).  Western  blotting  was 
performed  as  described  previously  (Oh  et  al. ,  2005). 

Human  testis  sections  were  purchased  from  Ambion 
(LandMark  Normal  Tissue  MicroArray,  Austin,  TX).  The 
donors’  age  ranged  from  63-78  years  old.  Sections  were 
dewaxed  and  rehydrated  through  descending  grades  of 
alcohol  to  distilled  water.  The  sections  were  treated  with 
an  antigen  retrieval  procedure  in  100  mM  Tris-HCl  (pH 
10)  at  95°C  for  30  min,  incubated  in  3%  hydrogen  perox¬ 
ide,  and  washed  in  PBS.  Nonspecific  protein  binding 
was  blocked  by  pretreatment  with  3%  BSA  in  PBS.  Sec¬ 
tions  were  then  incubated  overnight  in  a  humid  cham¬ 
ber  at  4°C  with  the  respective  TSPY  monoclonal  anti¬ 
body  (1:500  for  clone  #2,  1:3,000  for  clone  #7).  The  pri¬ 
mary  antibody  was  visualized  as  described  above.  The 
human  study  was  performed  under  an  exempt  protocol 
approved  by  the  Institutional  Committee  on  Human 
Research,  VA  Medical  Center,  San  Francisco. 
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Abstract 

Background:  TSPY  is  a  repeated  gene  mapped  to  the  critical  region  harboring  the 
gonadoblastoma  locus  on  the  Y  chromosome  (GBY),  the  only  oncogenic  locus  on  this  male-specific 
chromosome.  Elevated  levels  of  TSPY  have  been  observed  in  gonadoblastoma  specimens  and  a 
variety  of  other  tumor  tissues,  including  testicular  germ  cell  tumors,  prostate  cancer,  melanoma, 
and  liver  cancer.  TSPY  contains  a  SET/NAP  domain  that  is  present  in  a  family  of  cyclin  B  and/or 
histone  binding  proteins  represented  by  the  oncoprotein  SET  and  the  nucleosome  assembly 
protein  I  (MAPI),  involved  in  cell  cycle  regulation  and  replication. 

Methods:  To  determine  a  possible  cellular  function  for  TSPY,  we  manipulated  the  TSPY 
expression  in  HeLa  and  NIH3T3  cells  using  the  Tet-off  system.  Cell  proliferation,  colony  formation 
assays  and  tumor  growth  in  nude  mice  were  utilized  to  determine  the  TSPY  effects  on  cell  growth 
and  tumorigenesis.  Cell  cycle  analysis  and  cell  synchronization  techniques  were  used  to  determine 
cell  cycle  profiles.  Microarray  and  RT-PCR  were  used  to  investigate  gene  expression  in  TSPY 
expressing  cells. 

Results:  Our  findings  suggest  that  TSPY  expression  increases  cell  proliferation  in  vitro  and 
tumorigenesis  in  vivo.  Ectopic  expression  of  TSPY  results  in  a  smaller  population  of  the  host  cells  in 
the  G2/M  phase  of  the  cell  cycle.  Using  cell  synchronization  techniques,  we  show  that  TSPY  is 
capable  of  mediating  a  rapid  transition  of  the  cells  through  the  G2/M  phase.  Microarray  analysis 
demonstrates  that  numerous  genes  involved  in  the  cell  cycle  and  apoptosis  are  affected  by  TSPY 
expression  in  the  HeLa  cells. 

Conclusion:  These  data,  taken  together,  have  provided  important  insights  on  the  probable 
functions  of  TSPY  in  cell  cycle  progression,  cell  proliferation,  and  tumorigenesis. 
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Background 

The  testis  specific  protein  Y-encoded  (TSPY)  gene  was  one 
of  the  early  genes  to  be  identified  from  the  human  Y  chro¬ 
mosome  [1,2].  TSPY  is  embedded  in  a  20.4-kb  DNA  frag¬ 
ment  that  is  tandemly  repeated  ~35  times  in  humans  [3]. 
The  2.8-kb  TSPY  transcriptional  unit  consists  of  six  exons 
and  5  introns  distributed  primarily  on  the  short  arm  of  the 
Y  chromosome  [2,4].  The  bovine  Y  chromosome  contains 
50-200  copies  of  TSPY,  while  the  rat  Y  chromosome  con¬ 
tains  a  single  copy.  The  mouse  possesses  a  nonfunctional 
Tspy  gene,  on  its  Y  chromosome,  that  harbors  several  stop 
codons  within  its  open  reading  frame  [5-7].  The  human 
TSPY  is  expressed  in  both  fetal  and  adult  testes  [2,4,8].  It 
is  localized  in  the  cytoplasm  and  nucleus  of  embryonic 
gonocytes  and  adult  spermatogonial  cells  [4,8].  In  partic¬ 
ular,  the  spermatogonial  cells  are  the  only  cells  in  the 
male  capable  of  entering  both  mitotic  and  meiotic  cell 
division.  The  exact  function  of  the  TSPY  gene  product  is 
thus  far  unknown.  It  has  been  hypothesized  to  regulate 
the  normal  proliferation  of  spermatogonia  and  marks  the 
entry  of  the  spermatogonia  into  the  meiotic  differentia¬ 
tion  [9]. 

TSPY  is  expressed  in  adult  testis  as  a  phosphoprotein  with 
an  apparent  molecular  weight  of  38  kD  [4].  It  harbors  a 
SET/NAP  domain,  conserved  among  members  of  a  pro¬ 
tein  family,  represented  by  the  SET  oncoprotein  and 
nucleosome  assembly  protein- 1  (NAP-1)  respectively. 
Major  members  of  this  protein  family  include  SET,  NAP- 
1,  TSPY,  differentially  expressed  nucleolar  TGE-Pl  target 
(DENTT)  [10,ll]/cell  division  autoantigen-1  (CDAl) 
[12]/TSPX  [13].  SET  was  initially  identified  in  a  patient 
with  acute  undifferentiated  leukemia,  who  harbored  an 
intrachromosomal  translocation  on  chromosome  9  [14- 
16]  and  demonstrated  to  bind  B-type  cyclins  [17].  SET  reg¬ 
ulates  the  G2/M  transition  by  modulating  cyclin  B-cyclin- 
dependent  kinase  1  (GDKl)  activity  [18].  NAP-1  interacts 
with  B-type  cyclins  in  budding  yeast  and  frogs  [  1 7  ] .  In  Sac- 
charomyces  cerevisiae,  cells  that  lack  NAP-1,  the  Clb2  (B- 
type  cyclin)  was  unable  to  efficiently  induce  mitotic 
events  [19,20].  Over-expression  of  SET  or  CDAl  results  in 
an  inhibitory  effect  on  cell  cycle  progression  at  the  Gj/M 
phase  [18],  suggesting  that  SET/NAP-containing  proteins 
are  cell  cycle  regulators. 

Deletion  mapping  for  the  gonadoblastoma  locus  on  the  Y 
chromosome  (GBY)  [21]  has  localized  this  oncogenic 
locus  in  a  critical  region  (~l-2  Mb)  on  the  short  arm  of 
this  chromosome  that  contains  most  of  the  functional 
copies  of  the  TSPY  gene  [22,23].  Elevated  levels  of  TSPY 
protein  have  been  observed  in  gonadoblastoma,  thereby 
providing  supporting  evidence  for  TSPY  as  a  likely  candi¬ 
date  for  the  GBY  [4,9,24,25].  TSPY  is  also  expressed  in  tes¬ 
ticular  carcinoma-in-situ  (CIS)  [4,25],  seminomas  [24], 
prostate  cancer  specimens/cell  lines  [26-28],  melanomas 


[29]  and  hepatocellular  carcinoma  [30].  To  test  the 
hypothesis  that  TSPY  is  involved  in  cell  cycle  regulation 
and  its  aberrant  expression  could  contribute  to  the  overall 
tumorigenesis,  we  have  examined  the  effects  of  ectopic 
expression  of  TSPY  in  cell  proliferation  and  tumorigenesis 
in  athymic  nude  mice,  using  the  tetracycline  (Tet-off)  reg¬ 
ulation  system  in  human  HeLa  and  mouse  NIH3T3  cells 
[31].  Our  results  suggest  that  ectopic  expression  of  TSPY 
increases  cell  proliferation  in  vitro  and  tumorigenesis  in 
vivo.  Expression  of  TSPY  expedites  the  transition  of  the 
cells  through  the  G2/M  phase  of  the  cell  cycle,  indirectly 
up-regulates  pro-growth  genes  and  down-regulates  apop¬ 
tosis  inducing  molecules  and  growth  inhibitory  genes, 
thereby  promoting  cell  proliferation  in  both  cell  cultures 
and  whole  animals. 

Methods 

Plasmids  and  stable  cell  transfection 

The  TSPY  cDNA  [2]  was  inserted  at  the  EcoRl  site  of  the 
bicistronic  vector,  pTRE-IRES-GEP  (designated  as  pTIG). 
The  resulting  construct  (pTIG-TSPY)  is  capable  of  express¬ 
ing  both  TSPY  and  EGEP  under  control  of  a  modular  tet¬ 
racycline-responsive  promoter.  HeLa  and  NIH3T3  Tet-off 
cells  harboring  a  stably  integrated  tetracycline  transactiva¬ 
tor  gene  were  purchased  from  Glontech-BD  BioSciences 
(Mountain  View,  CA).  They  were  cultured  in  DMEM 
media  containing  10%  fetal  bovine  semm  (EBS),  1%  pen¬ 
icillin/streptomycin  (P/S),  and  400  pg/ml  G418  (Invitro- 
gen-Life  Technologies,  Garlsbad,  CA)  at  37°C  in  5%  CO2. 

To  generate  stable  cell  lines  conditionally  expressing 
TSPY,  the  Tet-off  cells  were  co-transfected  with  the  pTIG- 
TSPY  or  pTIG  vector  and  the  hygromycin  resistance 
marker,  pTK-Hyg,  at  a  ratio  of  20:1,  using  either  the  Lipo- 
fectamine  Plus  (Invitrogen-Life  Technologies,  Carlsbad, 
CA)  or  PuGene6  (Roche,  Alameda,  CA)  reagents,  accord¬ 
ing  to  the  instructions  of  the  respective  manufacturers. 
The  cells  were  selected  with  the  complete  medium  plus 
300  pg/ml  hygromycin  (Invitrogen-Life  Technologies, 
Carlsbad,  CA)  at  a  density  of  4  x  10^  cells  per  100  mm  cul¬ 
ture  dish.  Cell  colonies  were  selected  with  or  without  2 
ng/ml  doxycycline  (Dox)  (Sigma,  St.  Louis,  MO)  in  the 
selective  media  for  2-3  weeks.  Positive  colonies  were  iso¬ 
lated  individually  and  clonally  expanded  as  sub-lines. 
Alternatively,  the  colonies  were  pooled  and  isolated  by 
preparative  flow  cytometry  based  on  their  EGEP  expres¬ 
sion  using  a  EACSVantage  SE  Cell  Sorter  (Becton  Dickin¬ 
son,  Erankilin  Lakes,  Nl)  at  the  Laboratory  for  Cell 
Analysis,  Cancer  Center,  University  of  California,  San 
Erancisco.  Cells  expressing  EGEP  were  collected  on  ice  in 
fresh  media  and  immediately  re-plated  in  culture  dishes 
with  complete  media.  Cells  isolated  with  either  strategy 
were  then  analyzed  for  their  responsiveness  to  doxycy¬ 
cline  regulation  of  their  TSPY  and  EGEP  transgenes  using 
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western  blotting  and  fluorescence  microscopy  respec¬ 
tively. 

Immunofluorescence  and  western  blotting 

EGFP  expression  in  cultured  cells  was  observed  directly 
under  a  Zeiss  Axiophot  fluorescence  microscope  using  an 
excitation  filter  HQ  480/40  and  an  emission  filter  HQ  510 
LP  (Chroma  Technology  Corp.,  Rockingham,  VT).  TSPY 
expression  was  detected  by  indirect  immunofluorescence 
according  to  established  procedures.  The  cells  were 
stained  with  a  polyclonal  TSPY  antiserum  [9]  at  1:100 
dilution  at  4  °  C  overnight,  rinsed  3  times  with  PBS,  incu¬ 
bated  with  a  goat  anti-rabbit  IgG  antibody  conjugated  to 
Texas  Red  (1:1000  dilution)  for  30  minutes  at  room  tem¬ 
perature,  and  analyzed  with  the  Zeiss  fluorescence  micro¬ 
scope  and  appropriate  Alter  set  for  Texas  Red. 

Western  blotting  of  total  cell  lysates  from  HeLa  or  N1H3T3 
Tet-off  cells  grown  in  the  presence  or  absence  of  2  ng/ml 
Dox  was  processed  according  to  established  procedures, 
using  TSPY  antisera  and  monoclonal  antibodies,  as 
described  previously[32].  Immunoblot  signals  were 
detected  by  enhanced  chemiluminescence  (EGL)  tech¬ 
nique  (Amersham,  Piscataway,  NJ). 

Cell  proliferation  analysis 

Geh  proliferation  was  analyzed  by  XTT  assay,  based  on  the 
cleavage  of  the  tetrazolium  salt  XTT  in  the  presence  of  an 
electron-coupling  reagent  by  the  succinate-tetrazolium 
reductase  whose  activity  was  directly  associated  with 
number  of  viable  cells.  HeLa  or  N1H3T3  Tet-off  cells  sta¬ 
bly  transfected  with  pTIG-TSPY  or  pTlG  were  grown  on 
100  mm  dishes  in  culture  media  in  the  presence  or 
absence  of  2  ng/ml  doxycychne  for  3  days.  Gehs  were  then 
seeded  at  a  concentration  of  5  x  10^  cehs/weh  in  100  pi 
culture  media  with  or  without  Dox  on  a  96-weh  microtiter 
plate,  incubated  at  37 °G  with  5%  GOj  and  analyzed  in 
triplicates  at  24  h  intervals  for  4  days.  Fifty  pi  XTT  labeling 
mixture  was  added  to  each  well  4  hours  before  each  spec- 
trometric  measurement. 

Colony  formation  assay 

HeLa  and  N1H3T3  Tet-off  cells  were  transfected  with 
either  pTlG-TSPY  or  pTlG  plasmid  and  cultured  for  3 
weeks  in  a  selective  medium  containing  300  pg/ml  hygro- 
mycin  and  with  or  without  2  ng/ml  Dox.  The  resulting 
colonies  were  stained  with  Giemsa  and  counted  manu¬ 
ally.  Each  100  mm  dish  represented  1:10  dilution  of  cells 
from  a  single  well,  which  had  been  transfected  with  1  pg 
of  TIG-TSPY  or  vector  and  0.05  pg  pTK-Hyg  selectable 
marker. 

Tumorigenicity  assay  in  athymic  nude  mice 

Female  8-week  old  athymic  nu/nu  mice  (Gharles  River 
Laboratories,  Wilmington,  MA)  were  used  for  tumori¬ 


genicity  assays.  Subconfluent  and  exponentially  growing 
monolayer  cells  of  each  cell  line  were  trypsinized,  washed 
and  resuspended  in  PBS.  One  million  TSPY-transfected 
HeLa  cells  or  10  millions  of  similarly  transfected  N1H3T3 
cells  in  100  pi  PBS  were  inoculated  subcutaneously  into 
the  flanks  of  the  nude  mice.  Gontrol  cells,  transfected  with 
pTlG  or  non-transfected  parental  cells,  were  inoculated 
similarly.  Six  animals  were  used  for  inoculation  of  each 
cell  type.  The  mice  were  fed  with  drinking  water  with  or 
without  2  pg/ml  of  doxycychne.  Tumor  growth  was  meas¬ 
ured  by  the  tumor  volume,  in  mm^,  estimated  from  the 
length  (L)  and  width  (W)  of  the  tumors  and  the  formula 
(L  X  W2)/2  [33].  The  tumorigenicity  assays  were  termi¬ 
nated  by  sacrificing  the  mice  at  5  weeks  (for  HeLa  cells)  or 
7  weeks  (for  N1T3T3  cells)  after  inoculation.  Ah  animal 
studies  were  conducted  under  an  approved  protocol  by 
the  Institutional  Animal  Gare  and  Use  Gommittee  of  the 
VA  Medical  Genter,  San  Francisco. 

Cell  synchronization  and  ceil  cycle  analysis 

Equal  number  of  HeLa  Tet-off  cells  stably  transfected  with 
either  pTlG-TSPY  or  pTlG  were  grown  overnight,  washed 
with  PBS,  and  fed  with  fresh  media  containing  2.5  mM 
thymidine  (for  G^/S  synchronization)  or  80  ng/ml  col- 
cemid  (for  M  phase  synchronization)  [34,35].  Gehs  were 
synchronized  in  the  respective  media  for  24  hours, 
washed  3  times  with  PBS  and  released  into  fresh  complete 
media.  At  specific  time  points,  the  media  was  removed 
and  the  cells  were  washed  in  PBS,  trypsinized,  collected, 
washed  again  in  PBS,  placed  in  1-3  ml  of  ice  cold  70% 
ethanol  and  incubated  at  -20  °G  for  1  hour  -  overnight. 
Cells  were  then  incubated  in  10  pg/ml  propidium  iodide/ 
0.1%  Triton  X-100/0.1%  RNase  in  PBS  solution  at  37°C 
for  30  minutes  in  the  dark.  They  were  resuspended  in  0.5 
ml  PBS  and  analyzed  with  a  FACSCalibur  flow  cytometer 
at  the  Laboratory  for  Cell  Analysis,  UCSF  Cancer  Center. 
Cell  cycle  analysis  was  performed  using  ModFit  LT  (Verity 
Software  House,  Topsham,  ME),  Flowlo  (Tree  Star,  Ash¬ 
land,  OR),  and  Openlab  (Improvision,  Lexington,  MA) 
software. 

Microarray  analysis  of  gene  expression  profiles 

Total  RNA  was  isolated  from  respective  cell  populations 
with  TRlzol  reagent  (Invitrogen,  Carlsbad,  CA)  and  puri¬ 
fied  with  RNeasy  Mini  Kit  (Qiagen,  Valencia,  CA)  in 
accordance  with  the  manufacturer's  instmetions.  The 
quality  of  RNA  was  assessed  using  the  Agilent  2100  Bioan¬ 
alyzer  (Agilent  Technologies,  Palo  Alto,  CA).  Five  pg  of 
RNA  was  converted  into  double-stranded  cDNA  using  a 
cDNA  synthesis  kit  (Affymetrrx,  Santa  Clara,  CA)  with  a 
special  ohgo(dT)24  primer  containing  a  T7  RNA  promoter 
site  added  3'  to  the  poly(T)  tract.  Biotinylated  cRNAs  were 
generated  from  cDNAs  using  the  bioarray  high  yield  RNA 
transcript  labeling  kit  (Enzo  Life  Science,  Farmingdale, 
NY)  and  subsequently  purified  with  the  RNeasy  kit  (Qia- 
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gen,  Valencia,  CA).  Complementary  RNA  probe  derived 
from  each  sample  was  fragmented  and  hybridized  to 
GeneChip®  Human  Genome  U133  Plus  2.0  Array  contain¬ 
ing  47,000  transcripts  and  variants  using  the  Affymetrix 
GeneChip  Fluidics  Station  450.  Arrays  were  scanned  by  an 
Affymetrix  Gene  Scanner  3000,  the  image  fdes  were  proc¬ 
essed  using  Microarray  Analysis  Suite  version  5.0  (Affyme¬ 
trix,  Santa  Clara,  CA).  Each  biological  sample  was 
analyzed  with  three  technical  replicates.  All  the  54,675 
gene  spots  were  filtered  based  on  spot  quality,  statistical 
test  and  corrections  before  subsequent  analyses.  To  iden¬ 
tify  differentially  expressed  transcripts,  all  spots  were  first 
normalized  by  scaling  total  chip  fluorescence  intensity  to 
a  common  value  of  100  prior  to  comparison,  and  a  nor¬ 
malization  value  was  set  at  1.  To  minimize  the  potential 
false-positives  using  t-test  alone,  the  t-test  p-value  of  each 
gene  when  performing  a  statistical  test  was  corrected  by 
multiple  testing  corrections,  which  adjust  the  individual 
p-value  for  each  gene  to  keep  the  overall  error  rate  (or  false 
positive  rate)  to  less  than  or  equal  to  a  cutoff  at  p  <  0.005. 
Multiple  testing  corrections  based  on  Bonferroni  step- 
down  method  were  used.  The  corrected  p-value  is  calcu¬ 
lated  and  considered  to  be  significant  if  it  is  less  than  0.05. 
The  false  discovery  rate  applied  in  the  tests  was  5%.  Data 
and  statistical  analyses  were  performed  with  Genespring 
7.0  software  (Silicon  Genetics,  Redwood  Gity,  GA). 

Semi-quantitative  RT-PGR  was  used  to  validate  genes  dif¬ 
ferentially  expressed  from  data  obtained  with  microarray 
analysis,  as  described  previously  [27].  The  primers  were 
derived  from  the  corresponding  cDNA  sequences  capable 
of  amplifying  roughly  100  to  120-bp  fragments  from  tran¬ 
scripts  of  the  respective  genes  (Table  1).  GADPH  was 
included  as  a  control  in  all  the  RT-PGR  experiments.  The 
number  of  cycle  for  each  sample  was  independently  deter¬ 
mined  to  insure  the  reaction  was  terminated  during  the 


exponential  phase  of  the  amplification.  PGR  reaction 
products  were  separated  on  1.5%  agarose  gels  using  ethid- 
ium  bromide  for  visualization.  The  relative  abundance  of 
each  PGR  product  was  determined  by  quantitative  analy¬ 
sis  of  digital  photographs  of  the  gels  viewed  under  UV 
light  (LabWorks  software;  UVP,  Inc.). 

Results 

Tet-off  regulation  ofTSPY  gene  expression 

TSPY  has  been  hypothesized  to  play  a  role(s)  in  regulation 
of  germ  cell  proliferation  and  meiotic  division.  When  it  is 
ectopically  expressed  in  cells  incompatible  with  germ  cell 
proliferation  and/or  division,  it  exerts  a  yet-to-be  defined 
oncogenic  effect(s)  and  contributes  to  the  overall  tumori- 
genic  process(es)  in  susceptible  cells  of  the  affected  organ/ 
tissue  [9,24,28].  To  evaluate  the  effects  of  such  ectopic 
TSPY  expression,  we  had  used  the  Tet-off  transgene  regu¬ 
lation  system  to  manipulate  its  expression  in  HeLa  and 
NIH3T3  cells  [31].  HeLa  cells  are  human  female  cervical 
carcinoma  cells  without  the  Y  chromosome  (and  hence 
TSPY  genes)  while  the  NIH3T3  cells  are  normal  (non- 
tumorigenic)  mouse  fibroblastic  cells.  Using  the  bicis- 
tronic  vector,  TIG,  we  were  able  to  demonstrate  that  both 
TSPY  and  EGFP  could  be  co-expressed  in  the  same  stably 
transfected  cells  (Figure  lA,  B)  and  could  be  manipulated 
with  the  addition  of  doxycycline  in  the  culture  media  (Fig¬ 
ure  IG,  D).  EGFP  was  distributed  relatively  evenly  among 
different  compartments  of  most  cells,  while  TSPY  was 
located  primarily  in  the  cytoplasm  and  lightly  in  the 
nuclei.  A  small  portion  of  cells,  however,  showed  substan¬ 
tial  nuclear  localization  or  aggregated  distribution  of  the 
TSPY  protein  (Figure  IF,  H,  arrows).  Similar  nuclear  loca¬ 
tion  of  TSPY  had  been  observed  in  various  tumor  speci¬ 
mens  [9,25].  A  recent  report  suggests  that  a  GD2- 
dependent  phosphorylation  of  the  tyrosine  reside  at  posi¬ 
tion  300  of  the  predominant  TSPY  isoform  is  essential  for 


Table  I:  Gene-specific  primers  used  in  semi-quantitative  RT-PCR  analysis 


Gene 

Primers 

Sequences 

RGC32 

Forward 

GAGCGCCACTTCCACTACG 

Reverse 

AGTGAATCTGCACTCTCCGAG 

PDGFC 

Forward 

ACTCAGGCGGAATCCAACC 

Reverse 

CTTGGGCTGTGAATACTTCCATT 

WNT5A 

Forward 

TTGGTGGTCGCTAGGTATGAA 

Reverse 

AGTGGCACAGTTTCTTCTGTC 

CCND2 

Forward 

AGGCGGTGCTCCTCAATAG 

Reverse 

TATCCCGCACGTCTGTAGGG 

CULI 

Forward 

ACCAGTCAAACCAAGCACGAG 

Reverse 

GTCTGCCCCTTTTTCGACTTAG 

IGFBP3 

Forward 

AGAGCACAGATACCCAGAACT 

Reverse 

TGAGGAACTTCAGGTGATTCAGT 

TIMPI 

Forward 

CTTCTGCAATTCCGACCTCGT 

Reverse 

CCCTAAGGCTTGGAACCCTTT 

SPARC 

Forward 

AGCACCCCATTGACGGGTA 

Reverse 

GGTCACAGGTCTCGAAAAAGC 
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Figure  I 

A-H)  Tet-off  regulation  of  TSPY  and  EGFP  expression  in  HeLa  cells.  A  bicistronic  transgene  capable  of  expressing  both  TSPY 
and  EGFP  in  the  same  transcriptional  unit  was  stably  transfected  to  HeLa  Tet-off  cells.  EGFP  fluorescence  (A)  and  TSPY  (B) 
were  detected  by  direct  observation  and  immunofluorescence  respectively.  Such  expression  (i.e.  EGFP  in  C)  could  be  sup¬ 
pressed  by  administration  of  doxycycline  in  the  culture  media  (D).  EGFP  was  located  in  both  cytoplasm  and  nuclei  of  the  host 
cells  (E,  G)  while  TSPY  could  display  scattered  locations  along  the  periphery  and  within  the  nuclei,  in  addition  to  its  cytoplasmic 
distribution  (F,  H,  blue  arrows).  I-L)  Effects  of  TSPY  expression  in  cell  transfection  efficiency  and  proliferation  in  HeLa  and 
NIH3T3  Tet-off  cells.  HeLa  (I)  and  NIH3T3  (J)  Tet-off  cells  were  co-transfected  with  either  TIG-TSPY  (TSPY)  construct  or  the 
vector  pTIG  alone  with  the  TK-Hyg  plasmid  and  were  selected  in  culture  media  with  hygromycin  with  (+)  or  without  (-)  doxy- 
cyclinc  (Dox).  Both  HeLa  (I)  and  NIH3T3  (J)  cells  expressing  TSPY  (i.e.  TSPY  without  doxycycline)  consistently  formed  higher 
numbers  of  colonies  than  those  repressing  the  same  transgene  (i.e.  TSPY  with  doxycycline)  while  those  expressing  EGFP  in  the 
vector  (pTIG)  alone  did  not  show  any  differences  in  the  transfection  efficiency  in  the  absence  or  presence  of  doxycycline.  Cell 
proliferation  assays  demonstrated  that  HeLa  (K)  and  NIH3T3  (L)  Tet-off  cells  over-expressing  TSPY  (without  doxycycline) 
proliferated  at  a  faster  rate(s)  than  those  repressing  the  TSPY  gene  (with  doxycycline).  Again,  cells  harboring  the  vector  (pTIG) 
alone  did  not  show  any  difference  in  their  proliferative  activities  in  media  with  or  without  doxycycline.  Bars  in  D  and  H  repre¬ 
sent  40  pM  in  A-D  and  1 0  pM  in  E-H  respectively.  *  Student's  t-test  analysis  indicated  that  there  were  statistical  significance  in 
differences  between  TSPY-expressing  cells  and  vector-alone  cells. 
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its  nuclear  translocation  [36].  Currently,  the  significance 
of  such  differential  distribution  of  TSPY  in  the  cell  com¬ 
partments  is  uncertain.  The  present  results  demonstrate 
that  the  TSPY  and  EGFP  are  expressed  abundantly  and 
manipulated  effectively  with  the  Tet-off  system  in  stably 
transfected  HeLa  and  NIH3T3  cells. 

Over-expression  of  TSPY  increases  the  colony  formation 
efficiency  and  cell  proliferation 

To  determine  the  effects  of  ectopic  TSPY  expression  in  cell 
growth,  the  transfection  efficiency  of  the  pTK-Hyg  marker 
was  determined  in  combination  with  either  the  TIG-TSPY 
construct  or  TIG  vector  in  HeLa  and  NIH3T3  Tet-off  cells. 
Approximately  3-fold  higher  numbers  of  colonies  were 
observed  in  TIG-TSPY  transfected  cells  selected  without 
the  doxycycline,  i.e.  over-expressing  TSPY  and  EGFP,  over 
identically  transfected  cells  selected  in  media  containing 
doxycycline,  i.e.  repressing  the  TSPY  and  EGFP  expression 
(Figure  II,  J,  left  panel).  Such  differential  efficiency  of  col¬ 
ony  formation  was  absent  in  cells  transfected  with  the  TIG 
vector  alone  either  with  or  without  doxycycline  in  the 
selection  media  (Figure  II,  J,  right  panel).  Although  we 
cannot  mle  out  completely  that  co-expression  of  TSPY 
might  enhance  the  TK-Hyg  gene  expression,  these  results, 
and  those  from  cell  proliferation  analysis  described 
below,  suggested  that  over-expression  of  TSPY  enhances 
the  efficiency  of  cell  growth  under  such  selection. 

To  evaluate  the  effects  of  TSPY  expression  in  cell  prolifer¬ 
ation,  TIG-TSPY,  TIG  transfected  cells  and  the  respective 
parental  cells  were  analyzed  with  the  XTT  cell  prolifera¬ 
tion  assay.  Both  HeFa  and  NIH3T3  Tet-off  cells  over¬ 
expressing  TSPY-EGFP  showed  consistently  30-45% 
higher  proliferative  activities  than  those  whose  transgenes 
were  repressed  by  doxycycline.  Gells  transfected  with  the 
vector  alone,  similar  to  the  parental  cells,  did  not  show 
any  proliferative  differences  in  the  presence  or  absence  of 
doxycycline  in  the  media  (Figure  IK  and  IF).  These  find¬ 
ings  suggest  that  ectopic  expression  of  TSPY  potentiates 
cell  proliferation  in  cultured  cells. 

TSPY  expression  accelerates  tumor  growth  in  nude  mice 

Tumorigenicity  assay  was  used  to  correlate  the  prolifera¬ 
tive  effects  of  TSPY  in  cultured  cells  to  those  in  whole  ani¬ 
mals.  HeFa  Tet-off  cells  transfected  with  either  TIG-TSPY 
or  TIG  vector  alone  and  parental  cells  were  inoculated 
subcutaneously  on  the  flanks  of  female  athymic  nude 
mice.  The  mice  were  fed  with  drinking  water  either  with  or 
without  doxycycline  for  5  weeks.  The  size  of  tumors 
formed  at  the  inoculation  site  was  measured  with  stand¬ 
ard  procedure  at  the  respective  time  points  (Figure  2A,  B). 
An  accelerated  tumor  growth  was  observed  in  mice  inocu¬ 
lated  with  HeFa  Tet-off  cells  over-expressing  TSPY  (with¬ 
out  doxycycline  in  their  drinking  water)  compared  to  the 
group  repressing  TSPY  (with  doxycycline  in  their  drinking 


water).  No  accelerated  tumor  growth  was  observed  in  the 
parental  or  the  groups  inoculated  with  HeFa  cells  harbor¬ 
ing  the  vector  alone,  with  or  without  doxycycline  in  their 
drinking  water.  These  results  suggested  that  ectopic 
expression  of  TSPY  increased  tumor  growth  in  athymic 
nude  mice. 

NIH3T3  cells  are  established  mouse  fibroblasts  that  nor¬ 
mally  do  not  form  tumors  in  athymic  animals.  Using  a 
similar  tumorigenicity  assay,  small  size  tumors  were 
observed  in  5  out  of  6  mice  inoculated  each  with  about  10 
millions  cells  harboring  and  expressing  TIG-TSPY  (with¬ 
out  doxycycline  in  drinking  water),  while  no  tumors  were 
observed  in  the  group  of  animals  inoculated  with  similar 
number  of  transfected  cells,  but  fed  with  doxycycline  in 
their  drinking  water  (Figure  2D,  E).  Again,  mice  inocu¬ 
lated  with  the  NIH3T3  cells  transfected  with  vector  alone 
or  the  parental  cells  did  not  show  any  tumor  formation, 
with  or  without  doxycycline  in  their  drinking  water.  The 
expression  of  the  TSPY-EGFP  transgene  in  the  tumors  of 
these  nude  mice,  fed  with  normal  drinking  water,  could 
be  confirmed  by  direct  observation  of  EGFP  fluorescence 
in  the  whole  animals  (Figure  2G,  F). 

TSPY  expedites  a  rapid  transition  of  G2IM  of  the  cell  cycle 

Members  of  the  SET/NAP  family  of  proteins  had  been 
demonstrated  to  bind  type  B  cyclins  and  exert  biological 
effects  on  cell  cycle  progression.  Our  study,  so  far,  showed 
that  ectopic  expression  of  TSPY  in  HeLa  and  NIH3T3  cells 
potentiated  cell  proliferation  in  vitro  and  tumor  growth  in 
nude  mice.  To  evaluate  the  likely  cell  cycle  stage(s)  in 
which  TSPY  affected  its  pro-growth  function,  both  expo¬ 
nentially  growing  and  synchronized  HeLa  Tet-off  cells 
harboring  either  the  TIG-TSPY  transgene  or  TIG  vector 
alone  were  analyzed  with  flow  cytometry  techniques. 
Exponentially  growing  HeLa  Tet-off  cells  harboring  the 
vector  alone  showed  similar  patterns  in  their  cell  cycle  dis¬ 
tribution  when  they  were  grown  in  the  presence  or 
absence  of  doxycycline  (Figure  3A)  while  those  over¬ 
expressing  TSPY  showed  a  small  portion  of  its  cells  in  the 
G2/M  phase  (Figure  3B,  red  line).  When  expression  of  the 
TSPY  transgene  was  repressed  with  doxycycline  in  the 
media  (Figure  3B,  blue  line),  the  distribution  of  cells 
among  the  different  stages  of  the  cell  cycle  was  similar  to 
those  of  control  cells  (Figure  3A). 

To  determine  why  there  was  fewer  number  of  TSPY 
expressing  HeLa  Tet-off  cells  at  G2/M  phase,  as  compared 
to  HeLa  Tet-off  harboring  the  vector  alone,  the  cells  were 
examined  further  with  cell  synchronization  and  cell  cycle 
analysis  with  flow  cytometry.  Gells  were  synchronized  at 
the  Gj/S  boundary,  released  into  the  S  phase  and  analyzed 
with  flow  cytometry  thereafter  at  0,  6,  12,  24,  36  and  48 
hours.  The  relative  percents  of  the  cells  distributed  at  dif¬ 
ferent  stages  (Gl,  S  and  G2/M)  of  the  cell  cycle  were  deter- 


Page  6  of  1 5 

(page  number  not  for  citation  purposes) 


BMC  Cancer  2006,  6:154 


http://www.biomedcentral.eom/1471-2407/6/154 


Dox 


weeks  after  inoculation 


-  Dox  +  Dox 

pTIG-TSPY 


3  4  5  6  7 

weeks  after  inoculation 


-  Dox  +  Dox 


pTIG-TSPY 


Figure  2 

TSPY  enhances  tumor  growth  in  athymic  nude  mice.  Tumorigenicity  assays  demonstrated  that  HeLa  Tet-off  cells  (A)  over¬ 
expressing  TSPY  (-  Dox)  formed  tumor  at  a  faster  rate  in  athymic  nude  mice  than  those  whose  TSPY  expression  was 
repressed  with  doxycycline  (+  Dox)  in  the  drinking  water.  Cells  harboring  the  vector  alone  (pTIG)  with  or  without  doxycy- 
cline  administration  or  the  parental  cells  (HeLa)  showed  similar  tumor  growth  rates  as  that  of  cells  repressing  TSPY  transgene 
(+Dox)  in  the  host  animals.  NIH3T3  Tet-off  cells  are  non-tumorigenic  cells  that  normally  do  not  form  tumor  in  athymic  hosts. 
Inoculation  of  these  cells  over-expressing  TSPY  (D,  -  Dox),  however,  produced  small  size  tumors  in  5  of  6  nude  mice  (E)  while 
no  tumor  was  observed  in  animals  inoculated  with  the  same  cells  and  fed  with  doxycycline-containing  water  (+Dox).  Inocula¬ 
tion  of  NIH3T3  Tet-off  cells  harboring  the  vector  alone  or  parental  cells  did  not  produce  any  tumor  in  the  same  hosts  fed  with 
drinking  water  with  or  without  doxycycline  (data  not  shown).  B  and  E  show  examples  of  athymic  nude  mice  from  respective 
inoculations  at  the  end  of  the  experiments.  Co-expression  of  EGFP  provided  a  convenient  means  to  observe  directly  the 
tumor  growth  (size)  in  nude  mice  (C,  F).  *  Student's  t-test  analysis  indicated  that  there  were  statistical  significance  in  differ¬ 
ences  between  TSPY-expressing  cells  and  vector-alone  cells. 


mined  from  the  respective  flow  cytometry  charts.  At  6 
hours,  most  cells  in  both  populations  were  mostly  at  S 
phase  while  at  12  hours,  some  cells  had  gone  through  S 
and  Gj/M  and  reached  Gl.  However,  the  majority  of  the 
cells  over-expressing  TSPY  reached  the  second  S  phase 
again  in  24  hours  (Figure  3D)  while  cells  harboring  just 
the  vector  alone  transited  the  cell  cycle  stages  more  slowly 
and  had  only  ~35%  of  cells  reaching  the  second  S  phase 
(Figure  3C).  The  synchronization  effects  seemed  to  dissi¬ 


pate  at  36  and  48  hours  in  both  populations  (Figure  3G, 
D)  and  the  distributions  of  their  cells  in  various  cell  cycle 
stages  resembled  those  of  exponentially  growing  cells  (as 
in  Figure  3 A,  B  respectively).  Since  cells  over-expressing 
TSPY  showed  a  smaller  number  in  G2/M,  such  rapid  tran¬ 
sition  of  the  cell  cycle  after  the  GJS  phase  synchroniza¬ 
tion  suggested  that  the  cell  could  progress  through  the  Gj/ 
M  phase  faster  than  those  harboring  the  vector  alone.  To 
confirm  our  postulation  that  TSPY  mediated  a  fast  transit 
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Figure  3 

TSPY  accelerates  G2/M  transition  in  cell  cycle.  Flow  cytometry  analysis  of  HeLa  Tet-off  cells  harboring  either  the  vector,  pTIG, 
(A)  or  pTIG-TSPY  (B)  construct  showed  a  reduced  number  of  cells  at  G2/M  phase  in  cells  over-expressing  TSPY  (B,  -Dox)  than 
those  repressing  TSPY  (B,  +Dox)  or  harboring  the  vector  alone  (A,  +/-  Dox).  To  evaluate  the  probable  reason(s)  for  such  dif¬ 
ferential  distribution  of  cells  in  various  phases  of  the  cell  cycle,  HeLa  Tet-off  cells  harboring  either  the  vector  alone  (C)  or 
pTIG-TSPY  construct  (D)  were  synchronized  at  G|/S,  released  into  S  phase  and  analyzed  similarly  with  flow  cytometry  at  0,  6, 

1 2,  24,  36  and  48  hours  after  the  release.  HeLa  cells  harboring  pTIG-TSPY  construct  (D)  progressed  at  a  faster  rate  than  those 
harboring  the  vector  alone  (C),  and  reached  in  the  second  S  phase  within  24  hours  after  release  from  the  synchronization 
while  significant  number  of  cells  harboring  the  vector  alone  (C)  remained  in  G,  phase  at  the  same  time.  Such  synchronized  cell 
cycle  progression  disappeared  towards  36  and  48  hours  in  both  cell  populations  (C,  D).  When  the  cells  were  synchronized  at 
the  G2/M  phase,  released  into  mitosis,  and  analyzed  similarly  with  flow  cytometry,  such  accelerated  rate  of  cell  cycle  progres¬ 
sion  were  not  observed  readily  between  populations  harboring  the  vector  alone  (E)  and  TSPY  (F).  Again,  cells  over-expressing 
TSPY  showed  a  reduced  number(s)  at  G2/M  (e.g.  24  and  36  hour  time  points  in  D  and  all  time  points  in  F  as  compared  to  those 
in  C  and  E  respectively)  when  they  were  over-expressing  TSPY,  resembling  those  of  asynchronous  cells  (B). 
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through  Gj/M,  both  HeLa  cell  populations  were  synchro¬ 
nized  at  metaphase  by  colcemid  treatment,  released  into 
cell  cycle  and  analyzed  thereafter  at  0,  12,  24,  36,  and  48 
hours  with  flow  cytometry.  Our  results  showed  that  cells 
expressing  TSPY  progressed  through  the  Gj  and  S  phases 
(Figure  3F)  at  similar  rates  to  those  lacking  TSPY  expres¬ 
sion  (Figure  3E).  Again,  at  36  and  48  hours  after  their 
release,  cells  in  both  populations  (i.e.  harboring  TIG-TSPT 
and  TIG)  showed  a  similar  cell  cycle  stage  distribution, 
resembling  those  of  exponentially  growing  and  asynchro¬ 
nous  cells.  We  surmise  that  the  facilitating  function  of 
TSPY  in  the  cell  cycle  was  less  obvious  because  the  syn¬ 
chronization  was  at  metaphase,  immediate  beyond  the  G2 
stage  in  which  TSPY  is  postulated  to  be  effective  in  expe¬ 
diting  cell  cycle  progression.  Nevertheless,  one  could  still 
observe  fewer  percents  of  cells  were  at  Gj/M  in  cells  over¬ 
expressing  than  those  lacking  TSPY  at  these  time  points, 
thereby  supporting  a  role  of  TSPY  at  this  stage  of  the  cell 
cycle,  as  discussed  above. 

Gyclin  B1  is  a  mitotic  cyclin  whose  expression  is  primarily 
at  late  S  and  G2  [37,38].  Its  degradation  by  the  anaphase 
promoting  complex  is  essential  for  the  cell  to  exit  mitosis 
[39-42].  Hence,  the  amount  of  cyclin  B1  varies  with  the 
different  stages  of  the  cell  cycle,  i.e.  the  lowest  at  Gj  and 
highest  at  G2/M.  To  substantiate  the  effects  of  TSPY  in  cell 
cycle  progression,  we  had  examined  the  relative  amount 
of  cyclin  B1  in  HeLa  Tet-off  cells  harboring  either  TIG- 
TSPY  or  TIG  vector  alone,  after  they  were  synchronized  at 
Gj/S  and  released  into  the  cell  cycle.  Gells  were  harvested 
at  2  hour-intervals,  starting  at  0  hours  and  ending  at  22 
hours.  Total  protein  extracts  were  prepared  from  these 
cells  and  processed  for  western  blotting  with  cyclin  Bl, 
tubulin  and  TSPY  antibodies.  Both  cell  populations 
showed  minimal  level  of  cyclin  Bl  at  0  hours  immediately 
after  release  from  GJS  phase  synchronization.  The  levels 
of  cyclin  Bl  in  HeLa  cells  harboring  the  vector  alone 
increased  gradually  starting  at  6  hours  and  peaked  at  10 
hours  and  gradually  declined  through  detectable  levels  to 
14-16  hours  (Figure  4A).  Gells  expressing  TSPY  showed  a 
detectable  level  immediately  after  release  from  GJS  syn¬ 
chronization  (Figure  4B).  The  level  increased  gradually 
and  peaked  at  10  hours,  but  fell  rapidly,  although  still 
detectable,  thereafter  at  12-14  hours.  Repeat  probing  of 
the  same/similar  filters  with  a  tubulin  antibody  showed 
that  the  loading  was  relatively  even  among  the  various 
samples  (Figure  4A,  lower  panel,  4B,  middle  panel).  Gell 
harboring  the  TIG-TSPY  transgene  expressed  TSPY  at  con¬ 
sistent  level  throughout  the  cell  cycle  (Figure  4B,  lower 
panel).  These  findings  suggested  that  TSPY  expressing 
cells  exited  the  G2/M  phase  faster  than  those  lacking  such 
expression. 


Differential  expression  of  growth-related  genes  in  HeLa 
cells  over-expressing  TSPY 

To  determine  how  TSPY  expression  affects  cell  growth  and 
cell  cycle  progression,  microarray  analysis  was  performed 
on  HeLa  Tet-off  cells  expressing  TIG-TSPY  and  compared 
with  those  harboring  the  TIG  vector  alone,  using  the 
Affymetrix  GeneGhip  containing  47,000  human  tran¬ 
scripts  and  variants.  Our  results  showed  that  TSPY  and  a 
limited  number  of  genes  were  differentially  expressed 
between  the  two  cell  populations.  TSPY  was  expressed  at 
the  highest  level  while  others  were  consistently  affected  at 
modest  levels.  The  present  findings  were  consistent  with 
the  fact  that  the  two  HeLa  cell  populations  were  almost 
identical,  except  the  high  TSPY  expression  in  one  and  not 
the  other.  To  translate  sets  of  differentially  regulated  genes 
at  each  stage  into  functional  profiles,  181  differentially 
expressed  genes  were  analyzed  with  the  web-based  pro¬ 
gram,  Gene  Ontology  Tree  Machine  (GOTM)  [43].  Statis¬ 
tical  analysis  was  performed  to  identify  the  most 
important  Gene  Ontology  categories  for  the  input  gene 
sets  and  to  suggest  their  potential  biological  importance 
in  the  categories.  Three  biological  processes,  cell  cycle, 
phosphate  transport,  and  neuromuscular  development, 
were  preferentially  represented  among  the  differentially 
expressed  genes.  Both  cell  cycle  and  phosphate  transport 
could  be  related  to  cell  growth,  and  hence  are  relevant  dif¬ 
ferences  between  TSPY  over-expressing  and  vector  alone 
cell  populations.  The  exact  nature  of  differential  expres¬ 
sion  of  genes  involved  in  neuromuscular  development  is 
uncertain.  However,  previous  transgenic  mouse  studies 
demonstrated  that  the  human  TSPY  promoter  could  be 
preferentially  active  in  neurons  of  pre-  and  postnatal 
brains,  suggesting  a  possible  function  of  this  Y  chromo¬ 
some  gene  in  neural  development  [32].  The  various  cell 
cycle  related  processes  affected  by  the  constitutive  expres¬ 
sion  ofTSPY  are  illustrated  (figure  5).  Table  2  lists  25  cell 
cycle  related  genes  whose  expression  was  either  up-  or 
down-regulated  by  over-expression  of  TSPY.  Among  the 
up-regulated  genes  were  several  oncogenes  (epidermal 
growth  factor  receptor  (ERBB)  and  members  of  the  WNT 
(WNT5A)  and  RAS  families  (RAPIA)),  growth  factors 
(PDGLG,  EGF-related,  ANKRD15,  RGC32,  NANOSl), 
cyclin  D2  (GCND2),  a  co-factor  for  the  hypoxia  inducible 
factor  lA  (EP300),  an  apoptosis  inhibitor  (GSPTl)  and  an 
antigen  (GD24)  highly  expressed  in  small  cell  lung  carci¬ 
noma.  The  down-regulated  genes  included  an  inhibitor 
for  GDK4/GDK6  (GDKN2B),  transforming  growth  factor 
P3,  pro-apoptotic  factors  (CLU  and  IGPB3),  and  an  inhib¬ 
itor  of  MAP  kinases  (DUSP5).  In  particular,  the  GGND2 
gene  (encoding  cyclin  D2)  resides  on  chromosome  12p 
that  is  frequently  amplified  and  expressed  at  high  levels  in 
testicular  germ  cell  tumors.  Cyclin  D2  complexes  with 
CDK4  or  CDK6  to  mediate  GJS  transition  and  promote 
cell  proliferation.  Indeed  CCND2  expression  was  up-reg- 
ulated  in  HeLa  Tet-off  cells  over-expressing  TSPY.  Con- 
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Figure  4 

The  rapid  G2/M  transition  of  HeLa  cells  over-expressing  TSPY  is  associated  with  an  early  degradation  of  the  mitotic  cyclin  Bl. 
HeLa  Tet-off  cells  harboring  the  vector  alone  (A)  and  TIG-TSPY  construct  (B)  were  synchronized  at  G|/S,  released  into  S 
phase,  harvested  and  analyzed  with  western  blotting  with  various  antibodies  at  2-hour  intervals  for  22  hours.  The  mitotic  cyclin 
Bl  is  synthesized  normally  in  late  S  phase  and  G2and  is  rapidly  degraded  before  the  cell  exits  mitosis.  In  cells  over-expressing 
EGFP  in  the  vector  alone,  the  levels  of  cyclin  Bl  increased  at  6  hours  after  the  G|/S  release,  peaked  at  1 0  hours  and  gradually 
decreased  until  14-16  hours  (A,  top  row)  while  in  those  over-expressing  both  EFGP  and  TSPY,  the  levels  of  cyclin  Bl 
increased  gradually  at  2  hours  after  the  G I  I/S  release,  peaked  at  10  hours  and  rapidly  reduced  thereafter  (B,  top  row).  The  fil¬ 
ters  were  re-probed  with  tubulin  antibody  (A,  bottom  row;  B,  middle  row)  showing  relatively  even  loading  of  the  samples. 
TSPY  was  uniformly  expressed  and  detected  in  samples  of  cells  over-expressing  this  transgene  (B,  bottom  row). 


versely,  an  inhibitor,  CDKN2B,  against  activation  of 
CDK4/CDK6  was  down-regulated  in  the  same  cells, 
thereby  further  supporting  the  possible  role  of  TSPY  in  the 
CCND2-CDKN2B  cell  cycle  regulation.  In  additional  to 
CCND2,  another  genes,  the  transmembrane  and  tetratr- 
icopeptide  repeats  (TMTCl)  from  chromosome  12p  was 
also  up-regulated  by  the  ectopic  expression  of  TSPY  in 
HeLa  cells.  Currently  the  function  of  TMTCl  is  unknown. 
Other  tetratricopeptide  repeats-containing  proteins,  such 
as  subunits  cdcl6,  cdc23  and  cdc27  of  the  anaphase  pro¬ 
moting  complex  (APC),  could  play  important  roles  in 
protein-protein  interaction,  cell  division  and  receptor  sig¬ 
naling  [44-46]. 

To  confirm  the  microarray  data,  semi-quantitative  RT- 
PCR  was  performed  on  4  of  the  up-regulated  genes  and  4 
of  the  down-regulated  genes  from  Table  2  (bold  typed). 
Figure  6A  showed  the  results  of  the  RT-PCR  from  HeLa 
Tet-off  cells  harboring  either  pTIG  or  pTIG-TSPY.  RGC32, 
PDGFC,  WNT5A,  and  CCND2  were  confirmed  as  up-reg- 
ulated  genes  in  cells  over-expressing  TSPY;  each  showed  a 
slight  increase  in  fold  expression  compared  to  the  micro¬ 
array  data.  CULl,  IGFBP3,  TIMPl,  and  SPARC  were  con¬ 
firmed  as  down-regulated  genes  in  cells  expressing  TSPY 
(Figure  6B);  each  of  these  also  showed  a  slight  change  in 
fold  expression  compared  to  the  microarray  data.  These 
results  confirmed  that  cells  expressing  TSPY  could  indi¬ 


rectly  up-regulate  genes  involved  in  the  cell  growth  and 
proliferation  and  down-regulate  genes  involved  in  the  cell 
cycle  inhibitors,  growth  suppressors,  and  pro-apoptotic 
factors. 

Discussion 

TSPY  is  a  unique  gene  in  the  human  genome.  Although  its 
transcriptional  unit  is  only  approximately  2.8-kb  in  size, 
it  is  embedded  in  a  20.4-kb  tandemly  repeated  unit  that 
shows  >98%  homology  among  the  members  of  the  TSPY 
gene  family  [47].  Numerous  studies  suggest  that  most  of 
the  repeat  units  are  functional  capable  of  coding  for  a  vari¬ 
ety  of  polymorphic  TSPY  proteins  [28,48,49].  For  one 
sequenced  individual,  the  TSPY  repeat  units  constitutes 
~0.7  MB  of  DNA  on  the  short  arm  and  only  one  single 
copy  on  the  long  arm  of  the  Y  chromosome  [48,50,51]. 
Currently,  the  exact  nature  of  such  tandem  repetition  of  a 
functional  gene  and  its  flanking  sequences  is  uncertain. 
However,  we  surmise  that  TSPY  repeats  could  be  bot  spots 
for  genetic  rearrangements  and/or  transcriptional  dysreg- 
ulation,  resulting  in  ectopic  expression  of  TSPY  variant 
transcripts  and  proteins  in  tissues  that  normally  do  not 
express  this  Y-located  gene  [9,29,30]  and  variation  in  copy 
numbers  and/or  genetic  rearrangements  [52]. 

TSPY  is  a  member  of  a  protein  superfamily  that  is  defined 
by  a  conserved  191  amino  acid  domain,  designated  as 
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Figure  5 

Diagrammatic  illustration  of  various  cell  cycle-related  biological  processes  in  HeLa  cells  affected  by  TSPY  over-expression, 
compared  to  those  harboring  the  vector  alone,  as  revealed  by  the  GOTM  program.  Each  process  is  represented  by  the  respec¬ 
tive  GO  accession  number  (red)  and  percents  of  genes  within  the  1 8 1  differentially  expressed  genes  used  in  the  GOTM  analy¬ 
sis. 


SET/NAP  domain.  In  yeast,  Napl  can  interact  specifically 
with  the  B-type  cyclin,  Clb2,  to  mediate  normal  mitotic 
functions  in  fission  yeast  and  to  suppress  polar  hud 
growth  in  budding  yeast  [19,20].  The  mammalian  SET 
protein  can  interact  with  B-type  cyclins  and  has  been 
shown  to  regulate  the  G2/M  transition  by  modulating  cyc¬ 
lin  B-cyclin-dependent  kinase  1  (CDKl)  activity  [18]. 
Over-expression  of  either  SET  or  CDAl  arrested  cells  at 
Gj/M  phase  [12,18],  an  opposite  effect  to  that  of  over¬ 
expression  of  TSPY,  in  HeLa  cells,  observed  here.  TSPY 
protein  shares  significant  homology  with  these  proteins  at 
the  SET/NAP  domain,  but  lacks  the  C-terminal  acidic  tail 
that  is  found  in  NAP-1,  SET  and  GDAl.  Significantly,  a 
recent  study  suggests  that  the  X-located  CDAl/DENTT  is  a 


homologue  of  TSPY  and  been  re-designated  as  TSPX  gene 
[13].  It  shares  significant  similarities  in  exon  organization, 
except  additional  exons  at  both  its  5'  and  3'  termini.  Dele¬ 
tion  of  the  acidic  domain  in  GDAl/TSPX  eliminates  its 
inhibitory  effects  on  the  G2/M  progression  in  the  cell  cycle 
[12],  suggesting  the  TSPY  and  TSPX  might  possess  con¬ 
trasting  functions  on  cell  cycle  modulation. 

The  main  physiological  function  of  TSPY  is  currently 
uncertain.  TSPY  is  expressed  in  embryonic  germ  cells  and 
primarily  in  spermatogonia  and  to  a  reduced  level  the 
spermatids  of  adult  testis  [2,4,8,32].  Spermatogonia  are  a 
subset  of  cells  in  the  testis  that  are  capable  of  entering 
both  mitotic  and  meiotic  cell  divisions  [53].  Hence,  TSPY 
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Table  2:  List  of  genes  identified  in  the  microarray  analysis  between  HeLa  Tet-off  cells  harboring  pTIG-TSPY  and  those  harboring  the 
vector  pTIG  alone 


Gene 

GenBank ID 

Expression 

Remarks 

TSPYI 

NM 

003308 

26.5 

Testis  specific  protein,  Y-linked,  stably  transfected  gene  in  the  cells 

MAP2 

NM 

002374 

3.41 

Microtubule-associated  protein  2,  neurogenesis  and  tumorigenesis 

RGC32 

NM 

014059 

2.56 

Response  gene  to  complement  32,  deregulation  of  cell  cycle  required  for  tumor  cell 
growth 

PDGFC 

NM 

016205 

2.32 

Platelet  derived  growth  factor  C,  a  mitogenic  factor 

MAP  IB 

NM 

005909 

1.93 

Microtubule-associated  protein  1  B,  structural  protein,  neural  development,  predictor  for  breast  cancer 

EFEMPI 

NM 

004105 

1.79 

EGF-containing  fibulin-like  extracellular  matrix  protein  1,  growth  factor 

GIP2 

NM 

005101 

1.72 

a-interferon  inducible  protein,  IFI-I5K,  facilitates  viral  growth 

LUM 

NM 

002345 

1.62 

Lumican,  epithelial  cell  migration  and  tissue  repair 

NANOS 

1 

NM 

199461 

1.57 

Human  nanos  homolog  (of  Drosophila),  germ  stem  cell  development  expressed  in  spermatogonia  and 
spermatocytes  in  human  testis 

WNT5 

A 

NM 

003392 

1.55 

Wingless-type  MMTV  integration  site  family  member  5A,  Wnt  gene  family,  implicated  in 
oncogenesis  and  embryogenesis 

CD24 

NM 

013230 

1.55 

Small  cell  lung  carcinoma  cluster  4  antigen,  high  expression  in  SCLC 

TMTCI 

NM 

175861 

1.53 

Transmembrane  and  tetratricopeptide  repeats  containing  1,  multi-functional,  possibly  involved  in 
regulation  of  cell  cycle  and/or  mitosis. 

CCND2 

NM 

001759 

1.46 

Cyclin  D2  complexes  with  CDK4  or  CDK6,  Gl/S  transition,  amplified  and  over-expresses 
in  numerous  types  of  tumors 

RAPIA 

NM 

002884 

1.44 

RAS  oncogene  family  member 

EGFR 

NM 

005228 

1.41 

Epidermal  growth  factor  receptor  (ERBB  oncogene),  cell  proliferation,  amplified  and  expresses  at  high 
levels  in  many  tumors 

ANKRD 

1 5 

NM 

015158 

1.38 

Ankyrin  repeat  domain  15,  tumor  cell  growth  in  renal  cell  carcinoma 

GSPTI 

NM 

002094 

1.32 

G 1  to  S  phase  transition  1 ,  an  inhibitor  of  apoptosis 

EP300 

NM 

001429 

1.26 

El  A  binding  protein  p300,  a  co-factor  for  hypoxia  inducible  factor  lA 

CDKN2 

B 

NM 

004936 

0.71 

Cyclin-dependent  kinase  inhibitor  2B  (pi 5),  binds  to  and  prevents  CDK4/CDK6  activation  and  Gl/S 
progression,  tumor  suppressor 

CULI 

NM 

003592 

0.68 

Cullin  1,  involves  in  deneddyiation  and  moduiates  Gi/S  transition 

TGFB3 

NM 

003239 

0.67 

Transforming  growth  factor,  b3,  suppresses  tumor  formation  and  blocks  cell  cycle  progression 

PTN 

NM 

002825 

0.66 

Pleiotrophin,  neurite  growth  promoting  factor  1 ,  down-regulated  in  breast  cancer 

TIMPI 

NM 

003254 

0.64 

Tissue  inhibitor  of  metaiioproteinase  i ,  suppresses  tumor  growth  and  metastasis 

DUSPS 

NM 

004419 

0.58 

Dual  specificity  phosphatase  5,  inactivates  kinases  by  dephosphorylation,  and  negatively  regulates  MAP 
kinases 

SPARC 

NM 

003118 

0.56 

Secreted  protein,  acidc  cysteine-rich  (osteonectin),  ioss  of  expression  in  iung  cancers, 
reguiates  ceii  proiiferation 

CLU 

NM 

001831 

0.56 

Clusterin,  proapoptotic  in  colon  cancer,  down-regulated  in  CaP 

IGFBP3 

NM 

000598 

0.49 

Insulin-like  growth  factor  binding  protein  3,  pro-apoptotic,  its  inactivation  or  repression  is 
essential  for  growth  of  various  tumors 

Genes  listed  in  boldface  were  analyzed  with  semi-quantitative  for  RT-PCR  (Figure  6). 


has  been  postulated  to  serve  a  physiological  function(s)  in 
stem  germ  cell  proliferation  and  in  directing  the  sperma- 
togonial  cells  to  enter  male  meiosis  [4,9].  Location  of 
TSPY  gene  cluster  in  the  critical  region  for  GBY,  the  only 
oncogenic  locus  on  the  Y  chromosome,  establishes  it  to  be 
a  significant  candidate  for  this  special  form  of  germ  cell 
tumor.  Indeed,  TSPY  has  been  detected  in  high  levels  in 
gonadoblastoma  tissues  as  well  as  those  of  testicular  germ 
cell  tumors,  more  common  forms  of  germ  cell  tumors 
[9,24,25].  Additional  studies  have  demonstrated  that 
TSPY  is  also  expressed  in  prostate  cancers  and  the  andro¬ 
gen  responsive  LNCaP  prostate  cancer  cell  line  [9,26], 
hepatoma  specimens  [30],  and  melanoma  samples  and 
melanoma  cell  lines  [29].  The  latter  studies  further  sub¬ 
stantiate  the  possible  role  of  TSPY  in  human  oncogenesis. 


The  present  studies  were  designed  to  address  the  question 
on  the  effects  of  ectopic  TSPY  expression  in  cell  prolifera¬ 
tion  and  tumorigenesis  in  immunodeficient  mice.  Using 
the  HeLa,  a  human  (female)  cervical  carcinoma,  and 
NIH3T3,  a  non-tumorigenic  mouse  (lacking  a  functional 
Tspy  gene),  cell  lines  and  the  Tet-off  transgene  regulation 
system,  we  demonstrated  that  over-expression  of  TSPY 
potentiates  cell  proliferation  in  culture  and  tumorigenic- 
ity  in  nude  mice.  Significantly,  NIH3T3  cells  are  non-tum- 
origenic,  the  development  of  small  tumors  in  nude  mice 
inoculated  with  TSPY  expressing  NIH3T3  cells  suggests 
that  TSPY  could  potentially  play  the  role  of  an  oncogene. 
Our  cell  cycle  analyses  demonstrated  that  TSPY  was  capa¬ 
ble  of  mediating  the  transition  of  its  host  cells  through  G2/ 
M  phase  at  a  faster  pace  than  those  lacking  TSPY.  These 
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A  RGC32  PDGFC  WNT5A  CCND2 

c  T  "c  f  c  Y  c  f 


Expression 

1654  7142 

1947  7046 

1659  7345 

3455  8514 

Ratio:  T/C 

4.3 

3.6 

4.4 

2.4 

B 

CUL1 

IGFBP3 

TIMP1 

SPARC 

C  T 

C  T 

C  T 

C  T 

Expression  8637  1945  7564  1576  2866  1045  4754  1835 
Ratio:  T/C  0.23  0.21  0.36  0.39 

Figure  6 

Semi-quantitation  RT-PCR  analysis  of  genes  up-regulated  (A) 
and  down-regulated  (B)  in  HeLa  Tet-off  cells  over-expressing 
TSPY,  using  gene-specific  primers  (Table  I).  C  =  cells  stably 
transfected  with  vector  (pTIG)  alone;  T  =  cells  stably  trans¬ 
fected  with  TIG-TSPY.  The  relative  expression  was  calcu¬ 
lated  by  digitization  and  quantitation  software  (LabWorks, 
UVP  Inc.).  The  ratio  of  T/C  represents  the  relative  expres¬ 
sion  level  between  the  TSPY  expressing  and  control  cells  for 
the  respective  genes  (see  Table  2). 


findings,  taken  together,  support  the  notion  that  TSPY  is  a 
growth-promoting  gene  that  increases  cell  proliferation  in 
vitro  and  tumorigenesis  in  vivo,  thereby  providing  a  possi¬ 
ble  explanation  of  abundant  TSPY  expression  in  tumor  tis¬ 
sues. 

Global  transcriptional  profiling  with  microarray  analyses 
further  supports  the  hypothesis  that  TSPY  exerts  pro¬ 
growth  and  proliferative  functions  in  the  cell  cycle  pro¬ 
gression  of  its  host  cells.  The  up-regulation  of  such  pro¬ 
growth  genes  and  oncogenes  and  down-regulation  of 
growth  inhibitors  and  apoptotic  factors  in  cells  over¬ 
expressing  TSPY,  as  revealed  by  the  microarray  studies, 
could  be  confirmed  by  semi-quantitative  RT-PCR  analysis. 
It  is  also  possible  that  the  differential  gene  expression  is  a 
result  of  indirect  effects,  perhaps  through  its  interaction(s) 
with  signaling  molecules  or  cell  cycle  regulators. 

Conclusion 

Although  TSPY  expression  has  been  observed  in  gonado- 
blastoma,  testicular  germ  cell  tumors,  prostate  cancer, 
hepatomas,  and  melanomas,  no  studies  have  defined  its 
probable  role  in  human  oncogenesis.  The  present  studies 
have  demonstrated  that  ectopic  TSPY  expression  expedites 
cell  cycle  progression  through  shortening  of  the  Gj/M 
transition.  TSPY  also  up-regulates  pro-growth  genes/onco¬ 
genes  and  down-regulates  cell  cycle  inhibitors/apoptotic 
factors;  however,  whether  this  is  a  direct  or  indirect  effect 


is  unknown.  Together,  these  findings  provide  a  possible 
mechanism  by  which  TSPY,  in  collaboration  with  other 
oncogenic  events,  contributes  to  tumorigenesis  in  dys¬ 
functional  germ  cells  and/or  susceptible  somatic  cells/tis¬ 
sues. 
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ELSEVIER 


The  rat  Tsp; 


Abstract 

The  testis  specific  protein  Y  encoded  (TSPY)  gene  is  a  tandemly  repeated  gene  on  the  mammalian  Y  chromosome.  It  encodes  several 
slightly  variant  proteins  that  harbor  a  conserved  domain  of  ~170  amino  acids,  termed  TSPY/SET/NAPl  domain,  capable  of  binding  to 
cyclin  B.  The  human  TSPY  is  preferentially  expressed  in  spermatogonia  and  to  lesser  extent  in  the  spermatids.  Although  rat  harbors  a 
single  functional  Tspy  gene  on  its  Y  chromosome,  the  human  and  rat  genes  differ  in  their  expression  patterns,  suggesting  that  they  might 
serve  different  or  variant  functions  in  the  testis.  Transcripts  of  rTspy  were  first  detected  in  the  testis  of  28-day-old  rats,  at  which  time  the 
first  wave  of  meiotic  division  was  occurring.  The  rTspy  protein  was  initially  detected  in  stage-9  elongating  spermatids  and  peaked  at 
stage-13  spermatids  in  adult  testis,  but  not  in  spermatogonia,  unlike  the  expression  pattern  of  the  human  TSPY  gene.  Using  a  GST 
pull-down  assay,  we  demonstrated  that  rTspy  could  bind  to  the  core  histones  H2A,  H2B,  H3,  and  H4.  Rat  Tspy  co-localized  with 
the  histones  in  the  cytoplasm  of  selected  elongated  spermatids.  Our  results  suggest  that  the  rTspy  may  play  critical  roles  as  a  histone 
chaperone  during  maturation  of  the  elongating  spermatids  in  the  rat  testis. 

©  2006  Elsevier  Inc.  All  rights  reserved. 
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The  testis  specific  protein  Y-encoded  (rePT)  is  an  evolu- 
tionarily  conserved  gene  on  the  Y  chromosome  of  mam¬ 
mals,  including  humans,  primates,  bovines,  and  rodents 
[1-6].  The  human  TSPY  (hTSPY)  and  bovine  TSPY 
(bTSPY)  genes  are  expressed  primarily  in  the  spermatogo¬ 
nia  of  adult  testis.  TSPY  has  been  postulated  to  serve  a  vital 
function  in  spermatogonial  proliferation  and  early  meiotic 
division  [1,7,8].  Significantly,  the  human  TSPY  is  tandemly 
repeated  23-64  times  and  is  principally  located  in  the  critical 
region  of  a  cancer  predisposition  locus,  gonadoblastoma  on 
the  Y  chromosome  (GBY),  that  is  associated  with  gonado¬ 
blastoma  development  in  the  dysgenetic  gonads  of  XY 
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females  and  intersex  patients  [7,9-11].  Indeed,  TSPY  is 
strongly  expressed  in  gonadoblastoma  tissues  and  is  consid¬ 
ered  to  be  the  putative  gene  for  GBY  [12-14]. 

In  rodents,  the  mouse  harbors  an  apparently  nonfunc¬ 
tional  Tspy  gene  on  its  Y  chromosome  with  multiple  in¬ 
frame  nonsense  mutations  in  its  open  reading  frame 
[15,16].  These  nonsense  mutations  seem  to  be  results  of 
recent  evolutionary  events  since  numerous  related  species, 
such  as  Apodemus  sylvaticus  [6],  do  possess  a  functional 
Tspy  gene  on  their  Y  chromosome  that  is  capable  of  encod¬ 
ing  sizable  proteins  with  the  conserved  TSPY/SET/NAPl 
domain.  The  apparent  inactivation  of  the  mouse  Tspy  gene 
suggests  that  the  autosomal  Tspy-like  (Tspyl)  or  other 
Y-located  gene(s)  would  have  assumed  its  function(s)  in 
germ  cell  biology.  Indeed,  there  are  some  examples  in  the 
mouse  in  which  autosomal  gene  has  substituted  for  its 
homologous  human  Y-chromosomal  gene.  One  such 
example  is  the  human  heat  shock  transcription  factor  on 
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Y-chromosome  {HSFY)  gene  whose  mouse  homologue,  the 
HSFY-like  gene,  is  located  on  an  autosome,  and  both  genes 
seem  to  have  an  evolutionarily  conserved  function!  s)  in 
spermatogenesis  [17].  The  rat  harbors  a  functional  Tspy 
(rTspy)  gene  that  encodes  a  334  amino  acid  protein  with 
the  TSPY/SET/NAPl  domain  [5,6].  To  gain  some  insights 
into  the  function(s)  of  the  rodent  Tspy  in  testis,  we  had 
characterized  the  post-natal  expression  of  the  rat  Tspy  gene 
in  the  maturing  testis  using  reverse  transcription  polymer¬ 
ase  chain  reaction  (RT-PCR)  and  immunohistochemistry 
analyses.  Our  results  showed  that  the  expression  pattern 
for  the  rat  Tspy  is  distinctly  different  from  that  of  the 
human  TSPY  [7,18].  The  rTspy  is  specifically  expressed  in 
elongating  spermatids  at  late  stages  of  spermatogenesis 
while  the  hTSPY is  expressed  preferentially  in  spermatogo- 
nial  cells.  Cytologically,  the  rTspy  protein  was  primarily 
localized  in  the  cytoplasm  while  the  hTSPY  shows  both 
cytoplasmic  and  nuclear  locations  [18].  Since  the  expression 
of  the  rTspy  coincides  with  the  chromatin  remodeling  stag¬ 
es  in  which  the  nuclear  histones  are  being  replaced  by  pro¬ 
tamines  and  exported  to  the  cytoplasm  and  several 
members  of  the  SET/NAP  proteins  are  capable  of  binding 
to  histones  in  the  nucleus  involved  in  gene  regulation,  we 
explored  the  possibility  that  rTspy  might  interact  with  the 
displaced  histones  in  the  cytoplasm.  To  evaluate  this  possi¬ 
bility,  we  had  performed  additional  GST  pull-down  assays, 
and  demonstrated  that  the  rTspy  could  interact  with  the 
core  histones  H2A,  H2B,  EI3,  and  H4,  and  was  co-localized 
with  histone  H2B  in  the  cytoplasm  of  selected  elongating 
spermatids,  suggesting  that  the  rTspy  may  serve  a  role  in 
spermiogenesis  in  the  rat. 


Materials  and  methods 

Animals.  Wistar  rats  and  CDl  mice  were  purchased  from  the  Charles 
River  Laboratories,  Inc.  (Wilmington,  MA).  The  Institutional  Animal 
Care  and  Use  Committee  of  the  Veterans  Affairs  Medical  Center,  San 
Francisco,  approved  all  experimental  procedures  in  accordance  with  the 
NIH  Guide  for  Care  and  Use  of  Laboratory  Animals. 

RT-PCR.  Total  RNAs  were  isolated  from  dissected  tissues  using  the 
TRIZOL  reagent  (Invitrogen,  Carlsbad,  CA)  and  purified  by  RQl-DNase 
treatment  (Promega,  Madison,  WI)  to  remove  any  contaminant  DNA. 
Total  RNA  (0.36  pg)  was  reverse-transcribed  in  a  volume  of  21  pi  using 
the  Superscript  II  reverse  transcriptase  kit  (Invitrogen,  Carlsbad,  CA). 
One  microliter  reverse  transcribed  product  was  subjected  to  PCR  using  a 
touchdown  procedure  [18]  and  specific  primer  sets  for  respective  genes 
(Table  1).  The  PCR  products  were  analyzed  by  1.2%  agarose  gel  electro¬ 
phoresis  and  visualized  with  ethidium  bromide  staining. 

Generation  of  rTspy  antiserum.  The  full-length  rat  Tspy  cDNA  was 
initially  isolated  from  adult  testis  by  RT-PCR  with  primers  rTSPY4F  and 
rTSPY4R,  and  cloned  into  the  pGEM-T  Easy  Vector  System  (Promega, 
Madison,  WI).  After  verification  of  its  sequence,  the  rTspy  cDNA  was 
inserted  into  the  BamHl  site  of  pGEX-4T-3  vector  (Amersham  Biosciences 
Corp.,  Piscataway,  NJ).  GST-rTspy  fusion  protein  was  expressed  in 
bacterial  host,  BL21DE3,  and  purified  with  affinity  chromatography  using 
glutathione-Sepharose  4B  (Amersham  Biosciences  Corp,  Piscataway,  NJ). 
One  milligram  of  GST-rTspy  protein  per  animal  was  used  to  immunize 
two  New  Zealand  white  rabbits  at  multiple  time  points  to  generate  poly¬ 
clonal  antibodies  using  the  service  of  a  commercial  facility  (Sigma- 
Genosys,  Woodlands,  TX).  The  anti-rTspy  and  pre-immune  antisera  were 
further  purified  by  absorbing  with  GST-Sepharose  resins  and  total  mouse 
testis  extracts  as  described  by  Conlon  and  Rossant  [19].  The  resulting 
supernatants  were  used  as  primary  antibodies  for  immunohistochemistry 
studies.  The  respective  antisera  were  confirmed  by  Western  blot  with 
recombinant  rTspy  protein,  as  described  below. 

Western  blot  analysis.  The  rTspy  cDNA  was  inserted  into  the  BamHl  site 
of  mammalian  expression  vector, pCSlplus  [20,21  ],  and  transfected  to  COS7 
cells  using  FuGENEb  (Roche,  Indianapolis,  IN),  according  to  the  manu¬ 
facturer’s  instructions.  The  cells  were  harvested  48  h  after  the  transfection. 


Table  1 

Sequences  of  primer  sets  used  in  RT-PCR  analysis  and  construction  of  cDNA 

Name  Gene  Direction  Sequence  (5'  — >  3') 


rTSPYlF 

rTspy  (exon  1) 

Forward 

rTSPYlR 

rTspy  (exon  1) 

Reverse 

rTSPY4F 

rTspy  (1-334) 

Forward 

rTSPY4R 

rTspy  ( 1-334) 

Reverse 

rTSPYSR 

rTspy  ( 1-96) 

Reverse 

rTSPY6R 

rTspy  (1-162) 

Reverse 

rTSPY7R 

rTspy  (1-184) 

Reverse 

rTSPY8F 

rTspy  (187-206) 

Forward 

rTSPY8R 

rTspy  (187-206) 

Reverse 

rTSPY9F 

rTspy  (213-232) 

Forward 

rTSPY9R 

rTspy  (213-232) 

Reverse 

SstylF 

Sstyl 

Forward 

SstylR 

Sstyl 

Reverse 

Eif2s3yF 

Eif2s3y 

Forward 

Eif2s3yR 

Eif2s3y 

Reverse 

TH2BF 

Testis  H2B 

Forward 

TH2BR 

Testis  H2B 

Reverse 

p-actin5 

fi-actin 

Forward 

p-actin2R 

f>-actin 

Reverse 

ATGGAGAATTCTGAGGAGGAGAGTGTGG 

GCATTCACAAAGCTGAGCTCCAGTTG 

GGATCCATGGAGACTCTAGAGGAGGAGAGTGT 

CGGTGGATCCCGTGAGTGGTCTTCCTTAGGGTAGTAGT 

GCCTCGAGTTAATTCTTGACATCTACCACCTCTGT 

GCCTCGAGTTACACAAAGCTGAGCTCCAGTTG 

GCCTCGAGTTAAAAGTGAGGTCTGCGCATTTT 

GATCCCGCAGAAAGACCATAATCCAGGGCATTCCAGGC- 

TTCTGGGCTAAAGCTATGATGAACCATC 

TCGAGATGGTTCATCATAGCTTTAGCCCAGAAGCCTGG- 

AATGCCCTGGATTATGGTCTTTCTGCGG 

GATCCATCAGCAACCAAGATGAAGACTTACTGAGCTAC- 

ATGTTGAGCTTGGAGGTGGAGGAGTACC 

TCGAGGTACTCCTCCACCTCCAAGCTCAACATGTAGCTC- 

AGTAAGTCTTCATCTTGGTTGCTGATG 

AAAGGCAAGCCAGCTCCTGAACTCCA 

TTCCATTGGGTGACAGGCTCATTACC 

AGCCGCATCTTTCTCGTCAGGATCTT 

TTCAATGGCAGCCAGGTGTTCAGAAG 

GCGAATTCTATGCCGGAGGTGTCGGCAAAGGGG 

GCGGATCCTCACTTGGAGCTGGTGTACTTGGT 

TCACCCACACTGTGCCCATCTACGA 

CCACGTCACACTTCATGATGGA 
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washed  with  PBS,  and  lysed  with  100  )xl  TNBT  bulTer  containing  50  mM 
Tris-HCl  (pH  7.0),  150  mM  NaCl,  1%  NP-40,  and  0.25%  deoxycholic  acid. 
Five  microliters  of  cell  lysates  or  50  pg  of  rat  testis  extracts  was  subjected  to 
SDS-PAGE  on  12%  (w/v)  polyacrylamide  gel  and  processed  for  Western 
blot  using  a  semi-dry  transfer  method  [22]  and  the  purified  rXspy  antiserum. 
The  binding  of  the  primary  antibody  was  detected  with  a  peroxidase-con¬ 
jugated  anti-rabbit  IgG  antibody  and  visualized  by  the  ECL-plus  chemilu¬ 
minescence  system  (Amersham  Biosciences  Corp.,  Piscataway,  NJ)  or 
diaminobenzine  (DAB)  (Vector  Laboratories,  Burlingame,  CA). 

Histology  and  immunohistochemistry.  Rat  tissues  were  fixed  for  12  h  in 
Bouin’s  fluid  (Sigma-Aldrich,  St.  Louis,  MO)  or  paraformaldehyde-PB 
solution,  4%  (w/v)  paraformaldehyde,  100  mM  phosphate  buffer  (pH  7.4) 
at  4  °C,  dehydrated  in  ethanol  series,  and  embedded  in  paraffin  wax.  Five 
micrometer  sections  were  dewaxed  and  rehydrated  through  alcohol  series 
and  finally  in  distilled  water.  Antigen  retrieval  was  performed  in  100  mM 
Tris-HCl  (pH  10)  at  95  °C  for  30  min.  The  sections  were  incubated  in  3% 
hydrogen  peroxide,  washed  in  PBS,  and  nonspecific  protein  binding  was 
blocked  using  3%  BSA-PBS  solution.  Sections  were  incubated  overnight 
in  a  humid  chamber  at  4  °C  with  anti-rTspy  (1:400)  or  anti-histone  H2B 
(1:200,  Upstate,  Charlottesville,  VA)  antibody.  The  immunoreactive  sites 
were  detected  with  the  SuperPicTure  Polymer  Detection  kit  (ZYMED/ 
Invitrogen,  Carlsbad,  CA)  and  sections  were  counterstained  with 
hematoxylin  (Fisher  Scientific,  Hampton,  NH).  For  identification  of 
rTspy-positive  germ  cells,  the  Tyramide  Signal  Amplification  Kit  (with 
biotin-XX;  Molecular  Probes/Invitrogen,  Carlsbad,  CA)  was  used  to 
amplify  the  immunoreacting  signals  following  the  incubation  with  the 
SuperPicTure  Polymer  Detection  kit. 

Immunofluorescence  was  performed  with  paraformaldehyde-fixed 
sections  and  processed  similarly,  as  described  above.  The  signals  were 
visualized  by  Alexa488  conjugated  anti-rabbit  IgG  (Molecular  Probes/ 
Invitrogen).  For  double  immunofluorescence,  the  anti-rTspy  and  anti- 
H2B  antibodies  were  directly  labeled  in  red  and  green,  respectively,  by 
Zenon  Rabbit  IgG  Labeling  Kit  (Molecular  Probes/Invitrogen,  Carlsbad, 
CA)  according  to  the  manufacturer’s  instructions.  DNA  was  stained  with 
DAPI  (Roche,  Indianapolis,  IN). 

GST  pull-down  assay.  Various  rat  Tspy  cDNAs  harboring  different 
lengths  of  its  coding  sequences  were  initially  generated  by  PCR  with  the 
full-length  rXspy  cDNA  and  primers  (Table  1),  and  cloned  into  the 
pGEM-T Easy  Vector  System  (Promega,  Madison,  WI).  After  verification 
of  their  sequences,  the  cDNAs  were  individually  inserted  between  BamHl 
and  Xhol  sites  of  the  expression  vector,  pGEX-4T-3.  The  hTSPY  cDNA 
[3]  was  inserted  in  the  plasmid  pGEX-4T-3  and  processed  similarly  for 
fusion  protein  production  in  bacterial  host.  Approximately  250  pg  GST, 
GST-rTspy  or  GST-hTSPY  proteins  was  bound  separately  to  glutathi- 
one-Sepharose  4B  (Amersham  Biosciences  Corp.,  Piscataway,  NJ)  and 
reacted  independently  with  5  pg  of  histone  H2A  or  H2B  (Upstate  Bio¬ 
chemicals,  Waltham,  MA)  in  100  pi  of  buffer  A  (PBS,  20%  glycerol,  0.1% 
NP40,  5  mM  DTT,  and  proteinase  inhibitors  with  EDTA  [Roche])  over¬ 
night  at  4  °C.  The  GST  pull-down  assays  with  histones  H3  and  H4 
(Upstate,  Waltham,  MA)  were  performed  similarly  with  modified  buffer 
A,  containing  additional  1%  NP40  and  250  mM  NaCl  to  reduce  non¬ 
specific  binding  of  GST.  Protein  complexes  bound  to  the  Sepharose  beads 
were  precipitated  by  centrifugation  and  washed  with  500  pi  of  buffer  A  for 
10  min.  Proteins  were  eluted  with  40  pi  of  SDS  sample  buffer,  analyzed  by 
SDS-PAGE  on  10-20%  (w/v)  polyacrylamide  gradient  gels  (Bio-Rad 
Laboratories,  Hercules,  CA),  and  visualized  by  Coomassie  blue  staining  or 
Western  blot  with  appropriate  antibodies  (Upstate,  Waltham,  MA).  The 
relative  amounts  of  bound  and  unbound  histones  were  estimated  by  the 
NIH  Imager  Program  (http://rsb.info.nih.gov/nih-image/index.html). 

Immunocytochemical  analysis.  The  C-terminal  truncated  rat  Tspy 
cDNAs,  rXspy  (1-96),  and  rTspy(l-162),  were  individually  inserted 
between  BamEil  and  Xho\  sites  of  the  mammalian  expression  vector, 
pCS2plus.  The  testis  type  histone  H2B  (TH2B)  cDNA  was  initially  isolated 
from  adult  testis  by  RT-PCR  with  primers  TH2BP  and  TH2BR  (Table  1), 
and  cloned  into  the  pGEM-T  Easy  Vector  System.  After  sequence  verifi¬ 
cation,  the  cDNA  was  inserted  between  EcoBl  and  BamEEl  sites  of  the  green 
fluorescence  protein  expression  vector pEGEP-Cl  (Clonthech  Laboratories, 
Mountain  View,  CA)  to  express  EGFP-TH2B  fusion  protein.  The  resultant 


pCS2-rTspy  variants  and/or  pEGEP-TH2B  plasmid  were  transiently 
transfected  to  COS7  cell  using  FuGENE6.  Forty-eight  hours  after  the 
transfection,  the  cells  were  fixed  by  10%  formalin-PBS  solution  for  5  min, 
and  processed  for  immunofluorescence  with  the  anti-rTspy  antiserum  and 
anti-EGFP  mouse  IgG  (Clontech  Laboratories,  Mountain  View,  CA).  The 
immunoreactive  signals  were  detected  by  Alexa594-conjugated  anti-rabbit 
IgG  and  Alexa488  conjugated  anti-mouse  IgG  (Molecular  Probes/Invitro¬ 
gen,  Carlsbad,  CA)  and  analyzed  by  fluorescence  microscopy. 

Results 

Developmental  expression  of  rTspy  in  post-natal  testes 

The  tissue-specific  and  developmental  expression  of  the 
rTspy  was  analyzed  by  RT-PCR.  The  open  reading  frame 
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Fig.  1.  The  tissue  specific  expression  in  rat  Tspy  in  developmental  and 
adult  testes.  (A)  Tissue  specificity  was  analyzed  by  RT-PCR.  Tspy  was 
detected  only  in  adult  rat  testes.  (B)  Tspy  mRNA  expression  in  rat  post¬ 
natal  testes.  Total  RNAs  from  testes  of  2  rats  at  4,  12,  20,  28,  36,  and  44 
days  of  age  were  individually  analyzed  by  RT-PCR  with  a  primer  set 
derived  from  exon  1  of  the  rat  Tspy  gene.  Significant  signals  were  detected 
in  the  testes  of  28  days  and  older  rats.  The  expression  of  rat  Sstyl  and 
Eif2s3y  was  analyzed  in  parallel  with  rTspy.  In  the  case  of  the  mouse, 
S.styl  is  expressed  in  elongated  spermatids  while  Eif2s3y  is  expressed  in 
spermatogonia  and  prophase  spermatocytes.  The  similar  patterns  between 
the  rTspy  and  Sstyl  suggest  that  they  are  expressed  in  similar  manner  in 
the  post-natal  rat  testes.  (C)  Tspy  protein  expression  in  post-natal  rat 
testes.  Total  proteins  from  testes  of  2  rats  at  12,  20,  28,  36,  and  44  days  of 
age  were  analyzed  by  Western  blot  by  using  anti-rTspy  and  anti-actin 
antibodies,  respectively.  Significant  signals  were  detected  in  the  testes  of  36 
days  and  older  rats.  Abbreviations:  Cx,  cerebral  cortex;  Ce,  cerebellum; 
Th,  thymus;  Lu,  lung;  He,  heart;  Li,  liver;  Sp,  spleen;  Ki,  kidney;  Sv, 
seminal  vesicle;  Pr,  prostate;  Te,  testis;  +RT,  with  reverse  transcription; 
— RT,  without  reverse  transcription.  '(i-Actin  was  used  as  a  positive  control 
for  all  samples. 
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of  the  rTspy  transcript  encodes  a  protein  with  334  amino 
acids  spanning  from  exon  1  to  exon  5  (Genbank  Accession 
No.  AF074880)  [5].  In  adult  animals,  rTspy  transcripts 
were  detected  abundantly  in  testis,  but  not  in  other  tissues 
examined  (Fig.  lA),  consistent  with  the  results  of  Dechend 
et  al.  [5].  To  determine  the  overall  time  course  of  rTspy 
expression  in  developing  testis,  similar  studies  were  con¬ 
ducted  with  total  RNAs  derived  from  two  male  rats  each 
at  ages  4,  12,  20,  28,  36,  and  44  days.  Our  results  showed 
that  rTspy  expression  was  initially  detected  in  testes  of  rats 
at  28  days  of  age,  when  the  first  wave  of  meiotic  division 
occurred.  The  level  of  rTspy  expression  increased  with 
age  of  the  animals  (Fig.  IB,  rTspy).  As  references,  expres¬ 
sion  of  the  Y-located  Sstyl  and  Eif2s3y  genes  was  analyzed 
similarly.  In  the  mouse,  Sstyl  is  expressed  specifically  in 
spermatids  [23,24]  while  Eif2s3y  is  primarily  expressed  in 
spermatogonial  cells  and  germ  cells  through  the  meiotic 
prophase  [25].  Similar  to  rTspy,  transcript  or  the  rat  Sstyl 
was  detected  only  at  or  after  28  days  of  age  while  Eif2s3y 
transcript  was  more  ubiquitous  among  testes  of  different 
ages  (Fig.  IB,  Sstyl  and  Eif2s3y),  reflecting  their  spermatid 
and  spermatogonia/early  germ  cell  expression  patterns, 
respectively.  The  authenticity  of  the  amplified  products 
was  confirmed  to  be  those  of  Sstyl  and  Eif2s3y,  respective¬ 
ly,  by  DNA  sequencing  analysis  of  the  RT-PCR  products 
(data  not  shown).  Our  results  suggested  that  rTspy  mRNA 
was  expressed  specifically  in  haploid  germ  cells. 

The  developmental  expression  of  rTspy  protein  was  ana¬ 
lyzed  by  Western  blot  with  testicular  protein  extracts  from 
12-,  20-,  28-,  36-,  and  44-day-old  rats.  The  result  showed 
that  rTspy  protein  was  initially  detected  in  the  testis  of 
36-day-old  rats  (Fig.  1C,  anti-rTspy),  while  the  rTspy 
mRNA  was  detected  in  those  at  28  days  and  later 
(Fig.  IB,  rTspy).  The  most  differentiated  type  of  germ  cells 
was  spermatocytes,  round  spermatids,  and  elongating  sper¬ 
matids  of  20-,  28-,  and  36-day-old  rats,  respectively.  Our 
results,  taken  together,  suggested  that  rTspy  is  initially 
transcribed  in  round  spermatids  and  translated  in  elongat¬ 
ed  spermatids. 

The  rTspy  is  specifically  located  in  the  elongated  spermatids 
in  adult  testis 

To  confirm  the  results  obtained  from  Western  blot  of 
developmental  testes,  we  had  performed  an  immunochem¬ 
ical  staining  study  on  adult  rat  testis  using  a  polyclonal 
antiserum  against  the  rTspy  protein.  The  specificity  of  this 
antiserum  was  initially  demonstrated  by  Western  blot  of 
total  protein  lysates  derived  from  COS7  cells  transfected 
with  rTspy  expression  vector  (Fig.  21,  lane  2,  arrowhead). 
The  respective  rTspy  band  could  be  abolished  when  the 
antiserum  was  pre-absorbed  with  excess  GST-rTspy 
recombinant  protein  (Fig.  21,  lane  4).  Although  the  con¬ 
served  TSPY/SET/NAPl  domain  is  also  present  in  the 
products  of  other  members  of  the  TSPY/TSPY-like/SET/ 
NAP-1  (TTSN)  superfamily  (e.g.  Tspy-like  protein  1  [26] 
and  DENTT/Tspy-like  2  protein  [27]),  no  cross  reactivity 


with  hTSPY  on  Western  blot  was  observed  (data  not 
shown),  suggesting  that  our  anti-rTspy  antiserum  was  spe¬ 
cific  for  the  rTspy  protein. 

Immunohistochemical  analysis  was  performed  on  sec¬ 
tions  of  rat  testes  fixed  in  Bouin’s  fluid.  To  minimize  any 
non-specific  reactivity,  we  treated  the  antiserum  with  total 
mouse  testis  protein  extract  before  using  it  in  the  immuno- 
staining  procedure.  Although  the  mouse  Tspy  gene  was 
transcribed,  its  transcripts  were  incapable  of  coding  for 
the  full-length  or  any  protein  of  significant  size.  Hence, 
we  did  not  anticipate  any  depletion  of  the  rTspy  antibodies 
in  antiserum  with  this  pre-absorption  procedure.  Using  this 
processed  rTspy  antiserum,  we  observed  specific  immuno- 
staining  in  the  elongating  spermatids  at  spermatogenic 
stages  XIII-XIV  (Eig.  2A,  arrowheads  in  stage  XIII- 
XIV,  and  Eig.  2J  [28]).  Again,  the  immunostaining  was  sig¬ 
nificantly  decreased  by  pre-absorption  with  GST-rTspy 
(Fig.  2B,  blue  arrowheads).  The  Sertoli  cells  and  germ  cells 
from  spermatogonia  to  stage  7  round  spermatids  did  not 
react  with  this  antiserum  (Fig.  2D-G;  Sg,  Zc,  Pc,  Di,  Rd, 
and  Se;  Fig.  2J).  The  immunostaining  signals  were  detected 
faintly  in  stage  8  spermatids  that  were  in  the  process  of 
nuclear  elongation  (Fig.  2E,  blue  arrowheads;  and  J).  They 
reached  maximal  levels  in  stage  12  elongating  spermatids 
(Fig.  2D,  blue  arrowheads),  but  rapidly  decreased  and 
became  minimally  detectable  at  stage  16-18  spermatids 
(Fig.  2G,  blue  arrowheads;  Fig.  2J).  The  interstitial  cells 
including  Leydig  cells  showed  some  non-specific  staining 
(Fig.  2A,  black  arrows)  that  did  not  diminish  even  after  a 
pre-absorption  with  GST-rTspy  (Fig.  2B,  black  arrows). 
Our  results,  taken  together,  suggested  that  the  rTspy  pro¬ 
tein  initially  expressed  in  spermatids  at  approximately 
stage  8,  peaked  at  in  stage  12-14  elongating  spermatids, 
and  decreased  during  spermatogenic  stage  II  to  V  elongat¬ 
ed  spermatids  (Fig.  2J,  blue  lines;  modified  from  Russell 
et  al.  [28]). 

rTspy  and  hTSPY  bind  directly  to  core  histones  H2A,  H2B, 
H3,  and  H4 

The  human  TSPY  and  rat  Tspy  proteins  harbor  a  con¬ 
served  ^170  amino  acid  domain,  known  as  the  TSPY/ 
SET/NAPl  domain,  shared  by  numerous  members  of  this 
protein  superfamily,  represented  by  TSPY,  SET  oncopro¬ 
tein,  and  nucleosome  assembly  protein  1  (NAPl)  (NCBI 
Conserved  Domain  Search  #pfam00956  [29])  [26,30].  This 
conserved  domain  is  located  at  residues  #150-328  of  the 
rTspy  and  residues  #110-288  of  the  hTSPY  (Pig.  3A). 
Numerous  studies  suggested  that  the  proteins  containing 
the  TSPY/SET/NAPl  domain  are  capable  of  binding  to 
either  the  mitotic  cyclin  B  [31,32]  or  core  histones 
[33-35],  and  are  involved  in  cell  cycle  regulation  and  the 
nucleosome  assembly  and/or  chromatin  remodeling, 
respectively.  In  particular,  SET/TAP-ip  can  serve  as  a  sub¬ 
unit  of  the  inhibitor  of  acetyltransferases  (INHAT).  It 
binds  to  the  core  histones  H2B,  H3,  and  H4  in  the  nucleus 
and  either  inhibits  enzymatic  activities  of  acetyltransferases 
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Fig.  2.  Detection  of  spermatid-specific  expression  of  rat  Tspy  using  immunohistochemistry.  (A)  Only  elongating  spermatids  at  various  spermatogenic 
stages  were  stained  positive  for  the  anti-rTspy  antiserum  (arrowheads).  Roman  numbers  indicate  spermatogenic  stages  as  described  in  (J).  (B)  Image 
of  an  adjacent  section  immunostained  similarly  by  a  control  antiserum  preabsorbed  with  GST-rTspy.  The  staining  of  elongating  spermatids  was 
significantly  reduced  (arrowheads).  (C)  Image  of  an  adjacent  section  immunostained  by  a  preimmune  serum  as  a  negative  control.  (D)  Elongating 
spermatids  at  stage  XIII  are  positively  stained  (blue  arrowheads),  but  spermatids  of  stage  II  and  III  are  negative  (red  arrowheads).  No  other  cells, 
including  somatic  cells,  were  positive  for  the  antiserum  (Sg,  Zc,  Pc,  and  Di).  (E-H)  Sections  of  seminiferous  tubules  at  spermatogenic  stage  VIII  (E 
and  F)  and  II-IV  (G  and  H)  immunostained  by  the  anti-rTspy  antiserum  (E  and  G),  and  control  antiserum  preabsorbed  with  GST-rTspy  (F  and 
H).  Only  elongating  spermatids  are  faintly  positive  (blue  arrowheads).  Abbreviations:  Di,  diplotene  spermatocytes;  Ed,  elongating  spermatids;  Mi, 
meiotic  dividing  cells;  Pc,  pachytene  spermatocytes;  Rd,  round  spermatids;  Se,  Sertoli  cells;  Sg,  spermatogonia;  Zc,  zygotene  spermatocytes.  Scale 
bars  =  50  pm  in  A-C  and  D-H,  respectively.  (I)  Western  blot  of  COS7  cells  transfected  with  a  rat  Tspy  expression  vector  using  the  anti-rTspy 
antiserum  pre-absorbed  with  GST  alone  (lanes  1  and  2;  GST-abs)  and  with  GST-rTspy  fusion  protein  (lanes  3  and  4;  rTspy-abs).  Positive  band  for 
rat  Tspy  protein  was  detected  in  COS7  cells  transfected  with  rat  Tspy  expression  vector  (lane  2),  but  not  in  non-transfected  cells  (lanes  1  and  3)  or 
those  reacted  with  the  same  antiserum  subtracted  with  GST-rTspy  protein  (lanes  3  and  4).  Anti-rTspy  serum  detected  recombinant  rTspy  (lane  2). 
(J)  Spermatogenic  stages  of  the  rat  testis.  Blue  lines  indicate  the  immunopositive  cells  in  steps  8-18  of  spermatid  development.  Roman  numbers 
indicate  stages  of  spermatogenesis.  Dotted  lines  represent  sections  showing  faint  staining  of  spermatids  in  these  stages.  Modified  from  review  by 
Russell  et  al.  [28]. 
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Fig.  3.  Interactions  of  rTspy  and  liTSPY  with  histones  H2A,  H2B,  H3,  and  H4.  (A)  Alignment  of  hTSPY  and  rTspy  proteins  showing  the  homologous 
region  encompassing  the  TSPY/SET/NAPl  domain.  Gray  lines  on  the  hTSPY  indicate  positions  with  identical  amino  acid  as  the  rTspy.  The  ~170  amino 
acid  TSPY/SET/NAPl  domain  is  located  between  residue  #1 10-288  of  the  hTSPY  and  residue  #150-328  of  the  rTspy.  The  TSPY/SET/NAPl  domain  is 
indicated  by  arrow  (NAP  domain).  (B)  GST  pull-down  assay  of  histone  EI2A  using  GST  or  GST-fusion  proteins  as  indicated.  Pulled-down  proteins 
(pulled-down)  and  proteins  of  supernatant  (supernatant)  were  subjected  to  SDS-PAGE  and  visualized  by  Coomassie  blue  staining.  Elistone  H2A  was 
preferentially  retained  by  Sepharose  4B  resins  conjugated  with  either  GST-rTspy  (lane  3)  or  GST-hTSPY  (lane  4)  but  not  by  those  conjugated  with  GST 
alone  (lane  2).  The  numbers  on  bottom  column  indicate  the  approximate  percentage  of  pulled-down  H2A  to  total  amount  of  H2A.  Input  represents 
equivalent  material  used  for  each  GST  pull-down  assay.  (C)  GST  pull-down  assays  of  histone  H2B  using  GST-fusion  proteins.  The  experiment  was 
performed  similarly  as  described  in  (B).  Both  GST-rTspy  and  GST-hTSPY  fusion  proteins  (lanes  3  and  4,  respectively)  showed  significant  affinity  to 
histone  H2B  than  GST  alone  (lane  2).  The  input  represents  the  material  used  for  GST  pull-down  assay.  The  authenticity  of  the  pulled-down  material  as 
EI2B  was  confirmed  by  Western  blot  with  anti-H2B  antibody  (bottom  row,  0(-H2B).  (D,E)  GST  pull-down  assay  of  histones  H3  (D)  and  H4  (E)  performed 
similarly  as  described  in  (B).  Abbreviations:  CBB,  Coomassie  blue-stained  band;  oi-H2B,  Western  blot  with  anti-H2B  antibody. 


or  facilitates  transcription  of  target  genes  [36-38].  Since 
transcriptional  activities  of  the  elongating  spermatids  are 
drastically  reduced  as  their  chromatin  is  undergoing  com¬ 
paction,  it  is  uncertain  if  the  rTspy  is  involved  in  any  tran¬ 
scription  modulation.  However,  chromatin  compaction  is 
usually  accompanied  by  replacement  of  histones  by  prota¬ 
mines  in  the  nucleus  and  exportation  of  the  replaced  his¬ 
tones  to  the  cytoplasm  of  maturing  spermatids.  Although 
the  cytoplasmic  location  of  the  rTspy  protein  would  have 
excluded  it  as  an  active  participant  of  any  transcriptional 
process,  it  raises  the  possibility  that  rTspy  might  interact 
with  the  displaced  histones  in  the  cytoplasm. 

To  evaluate  this  possibility,  we  performed  a  GST  pull¬ 
down  study  between  the  rTspy/hTSPY  and  various  puri¬ 
fied  core  histones.  This  initial  study  demonstrated  that  core 
histones  H2A,  H2B,  H3,  and  H4  were  preferentially  bound 
to  GST-rTspy  or  -hTSPY  fusion  proteins,  as  compared  to 
binding  with  GST  alone  (Fig.  3B-E).  Western  blot  analysis 
using  anti-histone  H2B  antibody  confirmed  our  observa¬ 


tions  that  this  histone  was  preferentially  pulled  down  by 
both  GST-rTspy  and  GST-hTSPY  baits  (Fig.  3C,  ot- 
H2B).  These  results  suggest  that  both  rTspy  and  hTSPY 
are  capable  of  binding  directly  with  the  core  histones 
H2A,  H2B,  H3,  and  H4. 

It  was  reported  that  SET/TAF-ip  interacts  with  histones 
through  its  C-terminal  acidic  tail  [39,40].  Although  neither 
rTspy  nor  hTSPY  has  such  a  long  acidic  tail,  as  in  SET/ 
TAF-ip,  rTspy  as  a  whole  is  highly  acidic  (with  a  predicted 
p/  of  4.39).  Rat  Tspy  contains  abundant  aspartic  acid  and 
glutamic  acid  residues,  within  its  N-terminal  region 
(Fig.  4A).  Hence,  we  tested  the  histone  binding  ability  for 
the  N-terminal  region  and  the  acidic  region  of  NAP- 
domain  by  GST-pull-down  assay  using  histone  H2B  as  a 
probe.  The  N-terminal  region  of  rTspy  bound  strongly  to 
histone  H2B  at  the  similar  level  as  that  for  the  full-length 
rTspy  (Fig.  4B,  lanes  3  and  7).  The  acidic  region  in  the 
TSPY/SET/NAPl -domain  (#213-232)  also  bound  histone 
H2B,  but  at  a  weaker  level  than  that  of  the  full-length 
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Fig.  4.  Analysis  of  the  histone  H2B  binding  region  in  rTspy.  (A)  Simplified  structure  of  GST-fusion  proteins  used  in  GST  pull-down  assay.  Top  panel 
indicates  the  positions  of  aspartic  acid  and  glutamic  acid  in  rTspy.  The  positions  of  acidic  amino  acid  are  indicated  by  black  lines.  NAP-domain  is 
shadowed  by  gray.  In  lower  panel,  bold  lines  indicate  the  GST-fused  region  analyzed  in  (B).  (B)  GST  pull-down  assay  of  histone  I-t2B  using  GST  or  GST- 
fusion  proteins  as  indicated.  Pulled-down  proteins  (pulled-down)  and  proteins  of  supernatant  (supernatant)  were  subjected  to  SDS-PAGE,  and  visualized 
by  Coomassie  blue  staining.  The  input  represents  the  material  used  for  GST  pull-down  assay. 


rTspy  (Fig.  4B,  lane  6).  Non-acidic  region  of  NAP-domain 
(#187-206),  however,  did  not  bind  histone  H2B  with 
similar  assay  (Fig.  4B,  lane  5).  Based  on  these  results,  we 
postulate  that  rTspy  preferentially  interacts  with  the  core 
histones  at  the  N-terminal  portion  of  its  protein. 

Rat  Tspy  co-localizes  with  histone  H2B  in  the  cytoplasm  of 
elongating  spermatids 

We  further  explored  the  possibility  that  both  rTspy  and 
displaced  histones  were  co-localized  in  the  cytoplasm  of  the 
spermatids  using  immunofluorescence  and  individually 
labeled  primary  antibodies.  Our  results  showed  that  posi¬ 
tive  signals  for  H2B  were  detected  in  the  nuclei  of  elongat¬ 
ed  spermatids  at  spermatogenic  stage  XI-XII  (Fig.  5A  and 
C,  arrowheads),  but  not  detectable  in  the  nuclei  of  elongat¬ 
ed  spermatids  at  spermatogenic  stage  XIII-XIV  (Fig.  5B 
and  D,  arrowheads).  Under  high  magnification,  histone 
H2B  was  exclusively  localized  in  the  cytoplasm  and  co-lo- 
calized  with  rTspy  in  the  elongated  spermatids  at  sper¬ 
matogenic  stage  XII-XIII  (Fig.  5E-G,  arrowheads). 
Immunohistochemical  staining  of  adjacent  sections  of  the 
rat  testis  independently  with  anti-rTspy  and  anti-H2B  anti¬ 
bodies  confirmed  that  F12B  and  rTspy  were  indeed  co-lo- 
calized  in  the  cytoplasm  of  the  elongating  spermatids  at 
stage  XIII-XIV  (Fig.  5H  and  I,  arrowheads).  The  cytoplas¬ 
mic  localization  of  histone  H2B  was  initially  detected  in 
stage  11  elongating  spermatids,  and  reached  a  maximal 
level  at  stage  13-14  elongating  spermatids  in  which  rTspy 
protein  was  also  at  its  maximal  level  (Fig.  5K).  These 
observations  suggested  that  rTspy  was  expressed  at  a 


period  of  spermatogenesis  in  which  the  core  histones  were 
being  replaced  by  protamines  and  exported  to  the  cyto¬ 
plasm  of  maturing  spermatids.  The  interaction  between 
the  rTspy  and  core  histones  (Fig.  3)  raised  the  possibility 
that  it  might  serve  a  role  in  the  processing  of  the  discarded 
core  histones  during  spermiogenesis.  Although  the  hTSPY 
is  primarily  located  in  the  spermatogonia  [7],  our  recent 
study  showed  that  it  could  also  be  expressed  in  spermatids 
of  adult  testis  [18].  The  fact  that  it  also  interacts  with  core 
histones  suggests  that  it  might  serve  similar  function(s)  as 
that  of  the  rat  Tspy  protein  in  spermiogenesis. 

The  TSPYISETINAPI  domain  of  rTspy  regulatedlrestricted 
the  intracellular  localization  of  rTspy  in  C0S7  cells 

To  further  explore  the  interaction  between  rTspy  and 
histones,  rTspy  of  various  lengths  and/or  EGFP-testis  type 
H2B  fusion  protein  (EGFP-TH2B)  were  either  singly  or 
doubly  transfected  to  C0S7  cells,  and  analyzed  for  the  sub- 
cellular  locations  of  their  respective  proteins  by  immuno¬ 
fluorescence.  The  full-length  rTspy  was  preferentially 
localized  in  cytoplasm  consistent  with  the  location  of  the 
endogenous  rTspy  protein  in  elongating  spermatids 
(Fig.  6C).  Interestingly,  the  rTspy(l-96),  harboring  the  his¬ 
tone  H2B  binding  site  but  not  the  TSPY/SET/NAPl 
domain  (Fig.  4),  was  distributed  evenly  in  both  nucleus 
and  cytoplasm  of  transfected  cells  (Fig.  6A).  In  cells  co¬ 
transfected  with  rTspy(l-96)  and  EGFP-TF12B,  we  found 
that  rTspy(l-96)  was  well  co-localized  with  the  EGFP- 
TF12B  on  selected  areas  within  the  nuclei  (Figs.  6D-F 
and  Supplemental  Fig.  S2  for  control).  Although  some  cells 
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Fig.  5.  Co-localization  of  histone  H2B  and  rTspy  on  elongated  spermatids  of  adult  rat  testis.  (A-D)  Immunofluorescence  of  seminiferous  tubules  at  stage 
XI-XII  (A,C)  and  stage  XIII-XIV  (B,D)  using  anti-H2B  antibody.  DNA  was  stained  with  DAPI.  (C)  and  (D)  represent  the  merged  images  of  H2B  (green) 
and  DNA  (blue).  Histone  H2B  was  excluded  from  nuclei  of  elongated  spermatids  at  stage  XII-XIV.  (E-G)  Immunofluorescence  of  seminiferous  tubules  at 
stage  XII-XIII  doubly  immunostained  with  individually  labeled  H2B  and  rTspy  antibodies.  The  merged  images  of  H2B  (green)  and  DNA  (blue)  (E),  rTspy 
(red)  and  DNA  (blue)  (F),  and  H2B  (green)  and  rTspy  (red)  (G),  respectively.  The  cytoplasm  of  elongating  spermatids  was  positive  for  both  H2B  and  rTspy, 
and  is  represented  as  yellow/orange  fluorescent  signals  in  the  merged  image  (arrowheads  in  G).  Abbreviations:  Di,  diplotene  spermatocytes;  Mi,  meiotic 
dividing  cells;  Pc,  pachytene  spermatocytes.  (H)  Rat  testis  immunostained  by  anti-rTspy  antiserum.  Cytoplasm  of  elongated  spermatids  was  positively 
stained  (arrowheads).  (I)  Adjacent  section  of  H  that  was  immunostained  by  anti-H2B  antibody.  The  cytoplasm  of  elongating  spermatids  (arrowheads),  and 
the  nuclei  of  other  cells  were  stained.  Arrowheads  indicate  the  identical  cells  between  (H)  and  (I).  (J)  Image  of  the  rat  testis  processed  with  the  secondary 
antibody  alone  for  negative  control.  Scale  bars  =  50  pm  in  (A-D);  25  pm  in  (E-G);  50  pm  in  (H-J).  (K)  Immunostaining  of  histone  H2B  in  various  stages  of 
spermatids.  Arabic  numbers  indicate  the  stages  of  respective  differentiating  spermatids.  Orange  arrowheads  point  to  the  immunoreactive  cytoplasm  of 
various  spermatids.  (L)  A  diagram  illustrating  the  expression  and  localization  of  rTspy  (red  dots)  and  histone  H2B  (green  dots)  in  adult  rat  testis.  Arabic 
numbers  indicate  the  stages  of  spermatids.  The  locations  of  DNA/nuclear  are  represented  by  blue  color. 
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Fig.  6.  Intracellular  localization  of  rXspy  proteins  of  various  lengths  in  COS7  cells.  (A-C)  Immunofluorescent  images  of  COS7  cells  singly  transfected  with 
pCS-rTspy(  1-96)  (A),  pCS-rTspy(  1-162)  (B)  or  pCS-rTspy( full-length)  (C)  using  anti-rTspy  antiserum  (red).  Arrows  indicate  less  fluorescence  at  the 
nuclei  than  the  cytoplasm  of  transfected  cells.  Scale  bar  =  SOpm.  (D-G)  Immunofluorescent  images  showing  intranuclear  localization  of  rTspy(l-96)  (D) 
and  EGFP-TH2B  fusion  protein  (E)  in  the  COS7  cell  co-transfected  with pCS-rTspy(l-96)  and pEGFP-TH2B.  The  signal  of  EGFP-TH2B  was  enhanced 
by  anti-EGFP  antibody.  The  dots  of  rTpsy(  1-96)  (red)  co-localized  well  with  those  of  EGFP-TH2B  (green),  as  represented  in  yellowish  color  in  the  merged 
image  (F).  DNA  was  visualized  by  DAPI  staining  (G).  (H)  Percentage  of  COS7  cells  that  displayed  whole  cell  distribution  (equal  intensity  between  nuclei 
and  cytoplasm)  and  preferentially  cytoplasmic  distribution  of  respective  rTspy  variants.  For  each  construct,  ~300  cells  were  randomly  counted. 


transfected  with  a  slightly  longer  construct  expressing  the 
rTspy(l-162)  including  12  amino  acid  of  TSPY/SET/ 
NAPl  domain,  might  show  some  cytoplasmic  locations 
of  the  gene  products,  most  of  the  rTspy(l-162)  still 
remained  in  nuclei,  as  compared  with  the  full-length  rTspy 
(Fig.  6B  and  H).  Hence,  the  TSPY/SET/NAPl  domain  of 
rTspy  could  be  important  on  restricting/regulating  the 
cytoplasmic  localization  of  the  full-length  rTspy.  These 
observations  support  the  hypothesis  that  rTspy  interacts 
with  the  displaced  histones  in  the  cytoplasm  of  elongating 
spermatids. 

Discussion 

The  Tspy  gene  is  evolutionarily  conserved  and  located 
on  the  Y  chromosome  of  all  mammalian  species  examined 
[1,2,4,5].  However,  besides  the  TSPY/SET/NAPl  domain, 
it  diverges  considerably  along  the  evolutionary  tree.  The 


human  TSPY  gene  is  tandemly  repeated  in  20.4-kb  repeat 
units  that  encompass  ^0.7  MB  DNA  on  the  short  arm  of 
the  Y  chromosome  and  constitute  the  largest  block  of  func¬ 
tionally  repeated  genes  in  the  human  genome  [41].  Such 
repetitiveness  of  the  gene  has  been  conserved  among  some 
mammalian  species,  such  as  bovine  and  equine  genomes 
[1].  However,  in  the  rodents,  including  species  of  the 
Apodemus,  Mus,  and  Rattus,  the  functional  Tspy  gene  is 
a  single-copy  gene  [42].  In  particular,  the  presence  of  non¬ 
sense  mutations  along  its  putative  coding  sequence  in  the 
laboratory  mice,  i.e.  Mus  musculus  and  Mus  musculus 
domesticus,  suggests  that  this  gene  might  be  undergoing  a 
decaying  process(es)  on  the  Y  chromosome  [6,15].  The 
rodent  Tspy  gene,  in  addition  to  its  sequence  divergence 
with  the  human  TSPY  gene,  exhibits  an  expression  pattern, 
as  reported  here,  different  from  those  of  the  human  TSPY 
or  bovine  Tspy  genes.  The  preferential  expression  of  the 
human  TSPY  in  embryonic  germ  cells  and  spermatogonia 
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in  adult  testis  suggests  that  it  might  exert  a  critical  effect(s) 
on  germ  cell  proliferation  and  meiotic  division  [1,7].  On  the 
other  hand,  the  preferential  spermatid  expression  of  the  rat 
Tspy  in  adult  testis  suggests  that  the  rodent  Tspy  gene 
might  play  an  important  role  in  the  spermiogenesis  process. 
Our  recent  demonstration  of  detectable  expression  of  the 
human  TSPY  in  spermatids  of  adult  testis  [18]  indicates 
that  it  might  also  play  similar  role  as  the  rodent  Tspy  in 
spermatozoa  maturation.  Hence,  it  is  reasonable  to  assume 
that  the  human  TSPY  may  play  a  variety  of  roles  in  germ 
cell  proliferation,  meiotic  division,  and  spermiogenesis.  The 
rodent,  i.e.  the  rat,  Tspy  could  have  lost  its  role  in  germ-cell 
proliferation  and  meiotic  division,  but  retains  that  in 
spermiogenesis. 

Currently  the  exact  mechanism(s)  of  such  differential 
expression  between  the  human  TSPY  and  the  rat  Tspy  gene 
is  uncertain.  Preliminary  sequence  analysis  of  the  putative 
rat  Tspy  promoter  region  revealed  that  it  is  significantly 
different  from  that  of  the  human  TSPY  gene.  The  rat  Tspy 
promoter  contains  a  CRE  element  located  at  50-bp 
upstream  of  the  transcription  start  site  (Supplemental 
Fig.  SI).  Such  element  is  absent  in  the  human  TSPY  gene 
promoter.  The  transcription  factor,  CREM,  binds  to  the 
CRE  element  and  mediates  post-meiotic  transcription  of 
many  spermatid-specific  genes  [43],  including  protamine  2, 
TPl,  and  the  Y-located  Sstyl  [43^6].  The  promoters  of 
many  of  these  spermatid-specific  genes,  including  the  rat 
Tspy,  do  not  harbor  any  TATA  box,  but  contains  the 
CRE  element  (Supplemental  Fig.  SI).  Mice  homozygous 
for  a  CREM  null  allele  showed  an  arrest  of  their  spermato¬ 
genesis  at  the  haploid  germ  cell  stage  [47].  The  promoter 
for  the  human  TSPY  gene  is  also  TATA-less,  but  is  rich 
in  CpG  sequences.  The  human  TSPY  promoter  is  subject¬ 
ed  to  methylation  that  regulates  its  expression  in  certain 
cancer  cells  [48].  Despite  such  differences  between  the  pro¬ 
moters  of  the  rat  Tspy  and  human  TSPY,  the  exact  mech¬ 
anism)  s)  of  their  differential  expression  patterns  cannot  be 
unambiguously  defined  since  various  transgenic  mouse 
studies  showed  variation  of  transgene  expression  patterns 
by  the  human  TSPY  promoter  [18,49,50].  Transgenic  mice 
harboring  a  human  2.4-kb  TSPY  promoter-directed 
reporter  gene  showed  a  preferential  transgene-expression 
in  spermatids  of  the  testis,  similar  to  the  rTspy  expression 
pattern  in  the  present  study  [18].  Another  study  suggested 
that  the  SV40  large  T  antigen  oncogene  directed  by  a  1.3- 
kb  human  TSPY  promoter  was  capable  of  inducing  tumor 
formation  in  the  pituitary  gland  of  the  host  [49].  Other 
transgenic  mice  harboring  multiple  copies  of  a  8.2-kb 
human  TSPY  DNA  showed  a  spermatogonia/spermato- 
cyte-specific  expression  of  the  transgene,  similar  to  the 
human  TSPY  expression  pattern  [50].  Although  the  respec¬ 
tive  transgene  expression  could  be  influenced  by  the  length 
of  the  promoter,  integration  sites,  and  genetic  background 
of  the  hosts,  it  is  conceivable  that  a  combination  of  species- 
specific  cis  and  trani’-elements  are  important  for  the  differ¬ 
ential  expression  of  the  endogenous  hTSPY  and  rTspy  in 
respective  types  of  germ  cells. 


During  mammalian  spermiogenesis,  dynamic  chromatin 
remodeling  occurs  in  germ  cell  nuclei.  Histones  are 
replaced  by  protamines,  and  the  chromatin  is  packed  into 
highly  condensed  sperm  nucleus  [45,51].  Various  studies 
suggest  that  certain  factors  (e.g.  histone  chaperones  tNASP 
and  CIA-II)  are  involved  in  the  replacement  of  histones 
during  spermiogenesis  [51-53].  The  general  role  of  histone 
chaperones  has  been  postulated  to  associate  with  histones 
and  facilitate  their  interactions  with  other  molecules  with¬ 
out  being  components  of  the  final  reaction  product  and 
regulating  histone  metabolism  [54].  NAPl,  another  histone 
chaperone,  shares  the  TSPY/SET/NAPl  domain  with 
rTspy,  binds  to  the  core  histones  H2A  and  H2B,  and 
assembles  nucleosome  or  modulates  chromatin  structure 
[33-35].  Further,  SET/TAF-Ip  has  been  demonstrated  to 
interact  with  sperm  basic  proteins  and  decondenses  the 
sperm  chromatin  in  the  fertilized  egg  [55].  In  the  present 
study,  we  demonstrated  that  the  rTspy  protein  was  capable 
of  binding  core  histones,  H2A,  H2B,  H3,  and  H4,  but  pref¬ 
erentially  in  the  cytoplasm  of  elongating  spermatids 
(Fig.  2).  Although  its  cytoplasmic  location  precludes  it  to 
have  any  role  in  nucleosome  assembly,  as  ascribed  for 
SET/TAF-Ip,  its  interactions  with  the  core  histones  at 
the  period  of  spermiogenesis  when  the  core  histones  are 
being  replaced  by  protamines  suggest  that  the  rTspy  could 
be  an  important  chaperone  for  these  sequestered  core  his¬ 
tones.  We  hypothesize  that  rTspy  is  involved  in  the  metab¬ 
olism  of  core  histones,  i.e.  sequestrating  the  exported 
histones  from  nucleus  and  targeting  them  for  degradation, 
in  elongating  spermatids. 

The  apparent  decay  of  the  rodent  Tspy  gene  on  their  Y 
chromosome,  i.e.  gene  inactivation  in  the  laboratory  mouse 
and  spermatid-restricted  expression  in  others,  suggests  that 
functions  assigned  to  those  of  higher  organisms,  e.g. 
human  and  bovine,  in  germ-cell  proliferation  and  meiotic 
division  will  most  likely  be  performed  by  other  genes  in 
the  rodent  genomes,  as  illustrated  in  the  human  Y-located 
HSFY  and  autosomal  HSFY-like  system,  discussed  above. 
Conceivably,  the  autosomal  Tspy-like  (Tspyl)  or  other  Y- 
located  gene(s)  would  have  assumed  function(s)  of  TSPY 
in  the  rodent  germ  cell  biology.  Alternatively,  other  genes 
on  the  Y  chromosome,  e.g.  Sry  and  Eif2s3y,  have  been  pos¬ 
tulated  to  serve  vital  function  for  spermatogenesis  and  are 
expressed  as  late  as  the  round  spermatid  stage  [23,25].  The 
Eif2s3y  (also  termed  as  Eif2y)  gene  encodes  a  translation 
initiation  factor  and  is  essential  for  spermatogenic  cells  to 
proceed  to  the  round  spermatid  stage  in  the  mouse.  The 
human  homologous  gene,  EIF2y,  however,  is  not  located 
on  the  Y  chromosome  [25,41],  suggesting  the  reverse  situa¬ 
tion  in  which  Y-located  gene  on  the  rodents  is  being 
replaced  by  an  autosomal  gene  in  humans.  These,  as  well 
as  numerous  Tspy-like  genes  identified  on  the  X  chromo¬ 
some  and  autosomes  of  the  mouse,  rat  and  human 
[26,27],  might  be  capable  of  substituting  the  prescribed 
function)  s)  of  TSPY  in  germ  cells  at  different  developmen¬ 
tal  stages.  Interestingly,  mutations  of  the  human  TSPY-Ll 
gene  on  chromosome  six  have  been  demonstrated  to  be 
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responsible  for  a  certain  sudden  infant  death  syndrome 
that  is  also  associated  with  dysgenesis  of  the  testes  (SID- 
DT)  [56],  The  mutation  introduced  a  stop  codon  upstream 
of  the  coding  sequence  for  the  TSPY/SET/NAPl  domain, 
thereby  truncating  an  essential  interactive  domain  common 
among  members  of  this  protein  family.  Patients  with  SID- 
DT  show  various  abnormalities  in  the  nervous  system  as 
well  as  testicular  development,  suggesting  a  likely  role  for 
TSPY-Ll  in  testicular  function.  Further  studies  on  the  rela¬ 
tionship  between  the  Y-located  TSPYITspy  and  numerous 
autosomal  and  X-located  Tspy-like  genes  will  be  significant 
in  providing  insights  into  this  family  of  proteins,  whose 
members  are  associated  with  each  other  primarily  by  their 
conserved  cyclin  B  binding  TSPY/SET/NAPl  domain. 
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Abstract 

The  testis-specific  protein  Y-encoded  gene  (TSPY)  is  a  tandem  repeat  gene  located  at  the  critical  region  for  the  gonadoblastoma  locus 
on  Y  chromosome  that  predisposes  the  dysgenetic  gonads  of  intersex  individuals  to  oncogenesis.  The  expression  and  molecular  properties 
of  TSPY  suggest  that  it  is  the  putative  gene  for  the  gonadoblastoma  locus  on  Y  chromosome.  In  this  study,  we  examined  the  expression 
of  TSPY  and  other  germ  cell  tumor  markers  in  4  cases  of  gonadoblastoma  using  immunostaining  techniques.  Our  results  showed  that  TSPY 
expression  was  closely  associated  with  initiation  and  various  stages  of  gonadoblastoma  development.  TSPY  protein  localized  with 
established  germ  cell  tumor  markers,  such  as  the  placental  alkaline  phosphatase,  c-KIT,  and  OCT3/4,  in  the  same  tumor  cells  of  both 
gonadoblastoma  and  adjacent  carcinoma  in  situ,  the  precursor  for  germ  cell  tumors.  These  findings  support  the  candidacy  of  TSPY  as  the 
gene  for  the  gonadoblastoma  locus  on  Y  chromosome  and  suggest  that  TSPY  could  be  a  significant  marker  for  these  types  of  germ  cell 
tumors.  Published  by  Elsevier  Inc. 

Keywords:  Y  chromosome;  Gonadoblastoma;  Carcinoma  in  situ;  TSPY;  Gonadoblastoma  locus  on  Y  chromosome 


1.  Introduction 

Gonadoblastomas  are  benign  tumors  consisting  of  aggre¬ 
gates  of  large  round  germ  cells  and  immature  Sertoli/gran¬ 
ulosa  cells  surrounded  by  ovarian  type  stroma  [1,2].  They 
occur  most  frequently  (at  a  rate  as  high  as  66%)  in  the 
dysgenetic  gonads  of  intersex  individuals  who  have  either 
the  whole  or  a  part  of  the  Y  chromosome  (e.g.,  46, XY  or 
45,X/46,XY)  in  their  genome  [3].  Patients  with  Turner 
syndrome  with  a  45, X  chromosome  complement  and  resid¬ 
ual  Y  chromosome  material  are  also  at  risk  for  gonadoblas¬ 
toma  developing,  although  at  a  much  lower  rate  (range  7% 
to  10%)  [4-6].  These  tumors  are  capable  of  synthesizing 
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sex  hormones,  such  as  estrogen  or  testosterone,  leading  to 
either  feminization  or  virilization  of  the  dysgenetic  gonads, 
respectively  [3,5].  Approximately  80%  of  these  intersex 
patients  are  phenotypic  females,  while  20%  are  males  [3].  If 
left  untreated,  such  confined  tumors  could  develop  into 
more  aggressive  ovarian  dysgerminoma  or  testicular  germ 
cell  tumors  [7,8]. 

In  1987,  Page  [9]  proposed  the  existence  of  the  gonado¬ 
blastoma  locus  on  the  Y  chromosome  to  explain  the  high 
frequency  of  gonadoblastoma  in  the  dysgenetic  gonads  of 
XY  females.  Gonadal  dysgenesis  is  a  complex  disorder  with 
a  variable  spectrum  of  phenotypes,  and,  in  addition  to  mu¬ 
tations  of  the  primary  sex  determining  gene,  SRY,  may  be 
caused  either  by  a  structural  aberration  of  a  gene  involved  in 
sex  differentiation  or,  especially  in  the  milder  forms,  as 
results  of  hormonal  dysregulation  during  early  gonadal  de¬ 
velopment.  The  gonadoblastoma  locus  on  Y  chromosome 
gene(s)  is  postulated  to  serve  a  normal  function  in  the  testis 
but  could  predispose  the  dysgenetic  gonads  of  intersex  in¬ 
dividuals  to  tumorigenesis  [9,10].  Therefore,  in  the  intersex/ 
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Table  1 


Specimens  from  patients  with  gonadoblastoma 


Patient  number 

Age  (yrs) 

Genotype 

Phenotype 

References 

1 

16 

46,XY,SRY  gene  mutation,  resulting  in  amino 
acid  substitution  Y127F  at  the  high 
mobility  group  box 

Female,  primary  amenorrhea,  normal  female 
external  genitalia,  fibrotic  ovarian  tissue 
with  gonadoblastoma 

[16] 

2 

17 

46,XX/48,XXYY/47,XXY 

Male,  inguinal  testis  with  gonadoblastoma, 

CIS  and  some  ovarian  stroma 

[17,18] 

3 

14 

45,X/46,XY 

Female  with  Turner  syndrome,  streak 
gonads  with  gonadoblastoma 

[17,18] 

4 

12 

45,X/46,XY 

Female  with  Turner  syndrome,  streak  testis 
with  gonadoblastoma 

sex-reversed  patients,  the  presence  of  the  Y-located  gonado¬ 
blastoma  locus  on  Y  chromosome  gene(s)  could  be 
considered  as  a  gain  of  function(s)  by  the  germ  cells  in  a 
predominantly  female  environment.  For  the  males,  the  SRY 
gene  could  be  functional,  while  those  downstream  of  this 
primary  switch  gene  might  be  affected,  resulting  in  streaked 
or  dysgenetic  gonads/testes.  Based  on  these  postulations, 
the  gonadoblastoma  locus  on  Y  chromosome  gene(s)  could 
potentially  be  a  protooncogene  or  tumor-promoting  gene  by 
a  yet  unknown  mechanism. 

Genetic  mapping  studies  have  narrowed  the  location  of 
the  gonadoblastoma  locus  on  Y  chromosome  gene(s)  to 
within  1-2  Mb  of  deoxyribonucleic  acid  (DNA)  at  deletion 
interval  3,  proximal  to  the  centromere  on  the  short  arm,  and 
perhaps  to  a  portion  of  interval  4  on  the  long  arm  [9,11,12]. 
Recent  complete  sequencing  of  the  male-specific  region  Y 
DNA  of  the  human  Y  chromosome  has  revealed  the  tandem 
repeat  testis-specific  protein  Y-encoded  gene  (TSPY)  gene 
cluster,  encompassing  approximately  0.7  MB  of  DNA,  as 
the  currently  known  functional  genes  within  the  gonado¬ 
blastoma  locus  on  Y  chromosome  critical  region  [13].  Pre¬ 
vious  studies  have  shown  that  TSPY  is  indeed  present  and 
expressed  in  XY  females  and  intersex  individuals  with  go¬ 
nadoblastoma  [7,14,15]. 

Gonadoblastoma  is  a  special  form  of  germ  cell  tumor 
that  resembles  histologically  that  of  the  testicular  carcinoma 
in  situ  (CIS)  or  intratubular  germ  cell  neoplasia  unclassified, 
the  precursor  for  the  testicular  germ  cell  tumors.  Although 
the  expression  of  TSPY  has  been  reported  in  clinical  spec¬ 
imens  of  these  types  of  early  germ  cell  tumors,  to  our 
knowledge,  the  exact  relationship  of  TSPY  to  other  germ 
cell  tumor  markers  (i.e.,  the  placental/germ  cell  alkaline 
phosphatase,  c-KIT  [a  type  III  tyrosine  kinase  receptor  for 
stem  cell  factor],  OCT3/4  [or  POU5F1,  a  member  of  the 
POU  family  of  transcription  factors],  and  Ki-67  [a  mono¬ 
clonal  antibody  for  proliferation  marker])  has  not  been  in¬ 
vestigated  in  terms  of  the  exact  cellular  locations  and  the 
tumorigenic  development.  We  studied  4  cases  of  gonado¬ 
blastoma  and  showed  the  co-expression  of  TSPY,  and  these 
germ  cell  tumor  markers,  in  the  tumor  cells  of  these  spec¬ 
imens.  Furthermore,  using  the  TSPY  as  a  marker,  we  were 
able  to  trace  the  probable  oncogenic  sequence  of  one  case  of 
gonadoblastoma,  and  could  show  the  parallel  TSPY  expres¬ 


sion  patterns  in  both  gonadoblastoma  and  CIS  in  another 
case. 


2.  Materials  and  methods 

2.7.  Patients 

Intersex  patients  and  those  with  Turner  syndrome  with  a 
whole/part  of  Y  chromosome  (Table  1)  were  initially  iden¬ 
tified  in  endocrine  and  genetics  clinics  at  the  University  of 
California,  Los  Angeles  (patient  No.  1)  and  San  Francisco 
(patient  No.  4),  and  University  Hospital  Copenhagen  (pa¬ 
tient  Nos.  2  and  3).  The  clinical  phenotypes  and  genotypes 
of  these  patients  have  been  reported  previously  [16-18].  All 
studies  of  human  archival  pathologic  specimens  were  per¬ 
formed  under  an  exempt  protocol  approved  by  the  Institu¬ 
tional  Committee  on  Human  Research,  VA  Medical  Center, 
San  Francisco. 

2.2.  Antibodies 

Several  monoclonal  and  polyclonal  antibodies  were  used 
in  this  study.  A  monoclonal  antibody  (SF-7)  against  the 
human  TSPY  was  generated  in  our  laboratory  [19].  Other 
commercially  available  antibodies  against  various  germ  cell 
tumor  markers  (i.e.,  rabbit  polyclonal  antibodies  against 
placental/germ  cell  alkaline  phosphatase  [SP15,  RM-9115; 
Lab  Vision,  Fremont,  CA]  and  c-KIT  [A4502;  Dako, 
Carpinteria,  CA],  a  polyclonal  goat  anti-Oct3/4  antibody 
[C-20,  sc-8629;  Santa  Cruz  Biotechnology  Inc.  Santa  Cruz, 
CA]  and  a  rabbit  monoclonal  antibody  against  Ki-67  ]  Clone 
SP6,  RM-9106;  Lab  Vision])  were  purchased  from  the  re¬ 
spective  vendors. 

2.3.  Immunohistochemistry  and  immunofluorescence 

Immunostaining  was  performed  with  standard  methods 
using  specific  antibodies,  as  described  previously  [7,19]. 
Five-micron  tissue  sections  were  generated  with  a  mic¬ 
rotome  from  archival  pathologic  preparations,  deparaf- 
finized,  and  treated  with  an  antigen  retrieval  procedure  (50 
mM  Tris-HCl,  pHlO  at  95°C  for  30  minutes).  The  slides 
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were  incubated  in  3%  H2O2  solution  for  15  minutes  to 
inactivate  the  endogenous  peroxidase,  blocked  with  3% 
ho  vine  serum  albumin,  0.1%  TritonX-100  in  phosphate-buff¬ 
ered  saline  for  1  hour,  and  reacted  overnight  at  4°C  with 
respective  primary  antibody.  The  antibody  dilutions  were 
TSPY  at  1:2000,  placental/germ  cell  alkaline  phosphatase  at 
1:50,  c-KIT  at  1:300,  OCT3/4  at  1:300,  and  Ki-67  at  1:100 
ratios.  After  extensive  washing  with  phosphate-huffered  saline, 
the  slides  were  incubated  with  respective  secondary  antibodies 
as:  a  biotinylated  anti-mouse  immunoglobulin  G  (IgG)  (1:500) 
for  TSPY;  biotinylated  anti-rabbit  IgG  (1:500)  for  placental/ 
germ  cell  alkaline  phosphatase,  c-KIT,  and  Ki-67;  and  a  bio¬ 
tinylated  anti-goat  IgG  (1:500)  for  OCT3/4.  Various  substrates 
for  horseradish  peroxidase  were  used  to  visualize  the  immu- 
noreactions  (i.e.,  with  diaminobenzidine  tetrahydrochloride  for 
TSPY,  diaminobenzidine  tetrahydrochloride  -f  Ni  for  Ki-67, 
alkaline  phosphatase  red  for  placental/germ  cell  alkaline  phos¬ 
phatase,  and  blue  for  c-KIT).  The  slides  were  counterstained 
with  hematoxylin  or  fast  red  nuclear  stain,  examined,  and 
recorded  with  a  Zeiss  Axiophot  microscope  (Carl  Zeiss,  Inc., 
Thomwood,  NY). 

For  immunofluorescence,  fluorescein  isothiocyanate- 
conjugated  anti-mouse  IgG  (for  TSPY),  Texas  Red-conju¬ 
gated  anti-goat  (for  OCT3/4)  and  Alexa  594-conjugated 
anti-rabbit  IgG  (for  placental/germ  cell  alkaline  phospha¬ 
tase,  c-KIT,  and  Ki-67)  were  used  to  visualize  the  primary 
antibody  reactions.  The  immunofluorescence  was  examined 
with  a  Leica  TCS  SP  confocal  microscope  (Leica  Micro¬ 
systems  GmbH,  Wetzlar,  Germany)  and  recorded  with  a 
digital  camera  [20]. 

Normal  adult  human  testis  sections  were  used  as  positive 
controls  for  TSPY.  Testicular  seminoma  specimens  were 
used  as  positive  controls  for  TSPY,  placental/germ  cell 
alkaline  phosphatase,  c-KIT,  and  OCT3/4.  Sections  immu- 
nostained  with  the  same  procedure,  but  without  the  corre¬ 
sponding  primary  antibody,  were  used  as  negative  controls. 

3.  Results 

To  establish  the  TSPY  as  a  candidate  gene  for  the  go- 
nadohlastoma  locus  on  Y  chromosome,  we  had  used  immu- 
nostaining  techniques  to  examine  the  expression  of  TSPY  in 
4  cases  of  gonadohlastoma  (Table  1)  with  reference  to 
various  germ  cell  tumor  markers  (i.e.,  placental/germ  cell 
alkaline  phosphatase,  c-KIT,  and  OCT3/4),  which  are  pref¬ 
erentially  expressed  in  testicular  germ  cell  tumors  [8,21]. 
Placental/germ  cell  alkaline  phosphatase,  c-KIT,  and 
OCT3/4  are  expressed  in  early  male  germ  cells  during 
embryogenesis  but  are  down  regulated  during  the  late  stages 
of  gestation  [21].  They  are  reactivated  postnatally  upon 
germ  cell  oncogenesis  and,  thus,  are  markers  for  testicular 
germ  cell  tumors.  Previous  studies  showed  that  TSPY  is 
also  expressed  in  similar  stages  of  embryogenesis,  but  its 
expression  persists  throughout  the  testicular  maturation, 
reaching  a  maximal  level  in  spermatogonia  in  normal  adult 


testis  [21,22].  In  this  study,  despite  their  phenotypic  heter¬ 
ogeneity,  all  4  cases  of  gonadohlastoma  were  positive  for 
TSPY  and  the  aforementioned  tumor  markers.  Some  of 
these  cases  were  included  in  previous  studies  [16,18,23,24], 
hut,  to  our  knowledge,  TSPY  had  not  been  investigated. 
Two  cases,  in  particular,  were  significantly  informative  and 
are  illustrated  in  detail  later. 

The  first  specimen  was  derived  from  an  XY  female 
(Table  1,  patient  No.  1)  who  had  an  A->T  transversion 
mutation  at  codon  127  of  her  SRY  gene  on  a  cytogenetically 
normal  Y  chromosome  [16].  Initial  pathologic  examination 
of  her  dysgenetic  gonads  showed  nests  of  tumor  cells  com¬ 
posed  of  germ  cells  and  sex  cord  elements.  Some  tumor 
nests  showed  prominent  signs  of  calcification  [16].  Histo¬ 
logically,  many  of  these  tumor  nests  resembled  atretic  fol¬ 
licles  and  young  corpus  luteum,  many  of  which  were  inten¬ 
sively  positive  for  TSPY  protein  (Fig.  lA).  At  high 
magnification,  these  follicular  structures  were  apparently 
void  of  any  cellular  structures  (Fig.  IB).  One  or  more  TSPY 
positive  cells  initially  appeared  at  the  peripheral  region  of 
the  empty  structures  (Fig.  1C).  These  cells  showed  prolif¬ 
erative  growth  and  eventually  filled  up  the  entire  follicular 
space,  resulting  in  nests  of  tumor  cells  (Fig.  ID-H).  This 
confined  tumorigenic  growth  could  either  continue  to  ex¬ 
pand  or  merge  with  adjacent  structures,  leading  to  large 
nests  of  tumor  cells,  characteristic  of  a  gonadohlastoma. 
Most  TSPY  positive  cells  (Fig.  II,  L,  O,  and  R)  were  also 
positive  for  placental/germ  cell  alkaline  phosphatase  (Fig. 
II),  c-KIT  (Fig.  IM),  OCT3/4  (Fig.  IP),  and  Ki-67  (Fig. 
IS),  respectively.  On  merged  images,  TSPY  was  co-ex- 
pressed  with  the  respective  tumor  markers  in  most,  but  not 
all,  tumor  germ  cells  (Fig.  IK,  N,  Q,  and  T),  despite  vari¬ 
ation  in  subcellular  locations.  TSPY  protein  was  located  in 
both  cytoplasm  and  nuclei  of  the  tumor  cells.  Placental/ 
germ  cell  alkaline  phosphatase  and  c-KIT  were  primarily 
located  on  the  cell  surface,  and  OCT3/4  and  Ki-67  were 
located  in  the  nucleus.  The  immunostaining  showed  some 
degrees  of  heterogeneity  among  individual  cells,  which  is  in 
concert  with  previous  observations  [25].  Primarily,  TSPY 
expression  was  tightly  linked  to  the  expression  of  placental/ 
germ  cell  alkaline  phosphatase,  c-KIT,  and  OCT3/4,  but  to 
a  lesser  extent  with  that  of  Ki-67.  The  co-expression  of 
TSPY  with  Ki-67  suggests  that  at  least  some  of  these  TSPY 
positive  cells  possessed  proliferative  properties. 

Numerous  studies  have  suggested  that  gonadohlastoma 
and  testicular  CIS  or  intratubular  germ  cell  neoplasia  un¬ 
classified,  the  precursor  for  testicular  germ  cell  tumors, 
share  common  etiologies.  Although  both  gonadohlastoma 
and  CIS  might  be  present  in  the  same  individuals  [24-27] 
and  TSPY  could  be  present  in  CIS  cells  in  adult  men  [28], 
the  simultaneous  detection  of  TSPY  in  both  gonadoblas- 
toma  and  CIS  on  the  same  specimen  has  not  been  shown 
with  reference  to  other  germ  cell  tumor  markers.  We  exam¬ 
ined  a  second  informative  case  of  gonadohlastoma  from  a 
dysgenetic  testis  with  both  CIS  and  gonadohlastoma  of  a 
mosaic  46,XX/48,XXYY/47,XXY  male  individual  (Table 
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Fig.  1.  Co-expression  of  TSPY  and  germ  cell  tumor  markers  in  the  gonadoblastoma  of  a  XY  sex-reversed  patient.  (A)  An  expanded  view  of  the 
gonadoblastoma  specimen  that  was  immunostained  with  a  TSPY  monoclonal  antibody  showing  the  distribution  of  TSPY  protein  in  nests  of  tumor  germ  cells, 
but  not  the  stroma  of  the  dysgenetic  gonad.  (B-H)  Various  follicle-like  structures  showing  various  degrees  of  tumorigenesis.  TSPY-positive  cells  were 
initially  observed  along  the  periphei'y  that  took  on  a  proliferative  growth  (D-G)  and  eventually  filled  up  the  entire  stnacture  (G-H).  Immunofluorescence 
showed  that  most  of  the  TSPY  expressing  cells  ([I],  [L],  [0],  and  [R])  were  also  positive  for  numerous  germ  cell  tumor  markers,  including  placental/germ 
cell  alkaline  phosphatase  (J),  c-KIT  (M),  and  OCT3/4  (P),  as  well  as  the  proliferative  cell  marker  ([S]  Ki-67).  The  merged  images  ([K],  [N],  [Q],  and  [T]) 
showed  that  TSPY  was  co-expressed  with  these  tumor  germ  cell  markers,  despite  their  variation  in  subcellular  locations  and  heterogeneity  in  the  staining 
intensities.  Bars  represent  200  jitm  in  (A);  50  /xm  in  (B)-(T). 


1,  patient  No.  2).  Histologically,  the  dysgenetic  testis 
showed  components  of  both  CIS  and  gonadoblastoma  (Fig. 
2A).  The  gonadoblastoma  portion  showed  the  characteris¬ 
tics  of  nests  of  large  germ  cells  with  prominent  nuclei, 
Sertoli/granulosa  somatic  cells,  and  fluid-filled  Call-Exner 
bodies  (Fig.  2B,  arrows).  Although  there  could  be  hetero¬ 
geneity  in  staining  intensity,  both  mature  (Fig.  2C  and  D, 
green  arrows)  and  immature  (Fig.  2C,  blue  arrow)  germ 
cells  were  positive  for  TSPY.  The  CIS  portion  showed  the 
typical  peripheral  location  of  the  malignant  germ  cells  (Fig. 
2H)  that  were  positive  for  the  TSPY  antibody  (Fig.  21  and 
J).  The  TSPY  staining  was  most  prevalent  on  the  nuclei  of 
the  tumor  germ  cells  (Fig.  2D  and  J).  Again,  immunostain- 
ing  for  placental/germ  cell  alkaline  phosphatase  (Fig.  2E 
and  K,  red  signals),  c-KIT  (Eig.  2E  and  L,  blue  signals),  and 
OCT3/4  (Eig.  2G  and  M,  brown  signals)  showed  the  pres¬ 
ence  of  these  germ  cell  tumor  markers  in  both  gonadoblas¬ 
toma  and  CIS  (Eig.  2E-G  for  gonadoblastoma  and  Fig. 
2K-M  for  CIS). 


4.  Discussion 

The  human  Y  chromosome  is  a  relatively  gene-poor 
portion  of  the  human  genome.  There  are  only  3  major  loci 
mapped  on  this  chromosome,  namely  sex  determination, 
infertility,  and  gonadoblastoma  predisposition  [10,13].  Var¬ 
ious  studies  have  clearly  established  the  SRY  to  be  the 
testis-determining  factor,  responsible  for  switching  on  the 
male  sex  determination  [29-31].  The  genes  for  both  infer¬ 
tility  and  the  gonadoblastoma  locus  on  Y  chromosome  have 
been  isolated  [10,32]  but  have  not  been  established  by 
functional  methods.  As  a  candidate  for  the  gonadoblastoma 
locus  on  Y  chromosome,  TSPY  has  been  shown  to  express 
in  limited  cases  of  gonadoblastoma  tissues;  however,  its 
relationship  to  the  other  germ  cell  tumor  markers  has  not 
been  clearly  established.  In  this  study,  we  have  showed  that 
TSPY  was  positive  in  all  4  cases  of  gonadoblastoma  exam¬ 
ined.  Significantly,  we  were  able  to  show  the  probable 
sequence  of  tumorigenesis  in  the  dysgenetic  gonads  in  in- 
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carcinoma-in-situ  gonadoblastoma 


Fig.  2.  Co-expression  of  TSPY  and  germ  cell  tumor  markers  in  tumor  cells  of  a  46,XX/48,XXYY/47,XXY  patient  with  both  CIS  and  gonadoblastoma  in  his 
dysgenetic  testis.  (A)  An  overview  of  the  testicular  neoplasia  with  both  CIS  (left)  and  gonadoblastoma  (right).  (B  and  H)  Hematoxylin-eosin  staining  of  the 
adjacent  section  of  the  green  and  blue  boxed  areas  representing  the  gonadoblastoma  (C)  and  CIS  (I)  regions  in  (A),  respectively.  (D  and  J)  Enlai'ged  views 
of  boxed  areas  in  (C)  and  (I),  respectively.  Placental/germ  cell  alkaline  phosphatase,  c-KIT,  and  OCT3/4  were  represented  in  (E),  (F),  and  (G)  for 
gonadoblastoma  and  (K),  (L),  and  (M)  for  CIS  on  adjacent  sections,  respectively.  Different  color  substrates  from  Vector  Laboratories  (Burlingame,  CA)  (red 
for  placental/germ  cell  alkaline  phosphatase,  blue  for  c-KIT,  and  brown  for  OCT3/4)  were  used  for  visualization  of  the  corresponding  primary  antibodies  and 
observed  under  a  Zeiss  Axiophot  microscope.  Although  there  could  be  differences  in  intensities,  both  immature  and  mature  germ  cells  stained  positively  with 
both  TSPY  (C)  and  OCT3/4  (G)  at  their  nuclei,  while  placental/germ  cell  alkaline  phosphatase  (red)  and  c-KIT  (blue)  were  primarily  located  at  the  surface 
of  malignant  germ  cells.  Bars  represent  100  /xm  in  (A),  50  ju,m  in  (B),  (C),  (H),  and  (I);  and  20  /xm  in  (D)-(G)  and  (J)-(M). 


dividuals  with  sex  chromosome  aneuploidy,  and  the  simi¬ 
larities  in  expression  patterns  between  TSPY  and  other 
germ  cell  tumor  markers  in  both  gonadoblastoma  and  CIS 
on  the  same  specimens.  Our  results  clearly  support  TSPY  as 
a  tumor  germ  cell  marker  for  both  gonadoblastoma  and  CIS. 
Its  genetic  location  within  the  critical  region  of  the  gonado¬ 
blastoma  locus  on  Y  chromosome  locus  strongly  suggests 
that  TSPY  is  the  putative  gene  for  this  oncogenic  locus  on 
the  Y  chromosome. 

TSPY  encodes  several  slightly  polymorphic  proteins 
[33]  harboring  a  domain  pertaining  to  a  protein  superfamily, 
represented  by  the  SET  oncoprotein  and  nucleosome  assem¬ 
bly  protein  1  [34-37].  Numerous  members  of  this  family 
bind  the  type  B  cyclin  and  are  involved  in  cell  cycle  regu¬ 
lation  [37,38].  Therefore,  TSPY  potentially  could  be  in¬ 
volved  in  certain  regulatory  aspects  of  the  cell  cycle.  In¬ 
deed,  TSPY  has  been  hypothesized  to  play  such  normal 
roles  in  both  mitotic  proliferation  and  meiotic  division  of 
male  germ  cells  [10].  When  it  is  ectopically  expressed, 
TSPY  could  affect  cell  cycle  dysregulation  and  exert  pro¬ 
liferative  effects  on  susceptible  cells,  thereby  predisposing 


them  to  oncogenesis.  Recently,  Kido  and  Lau  [19]  showed 
that  a  2.4-kb  TSPY  promoter  was  capable  of  mediating  an 
expression  of  a  reporter  gene  in  the  secondary  follicles  in 
the  ovaries  of  female  transgenic  mice.  These  findings  fur¬ 
ther  support  the  functionality  of  TSPY  in  a  female  and/or 
ovarian  environment,  a  necessary  step  in  the  initiation  of  the 
gonadoblastoma  oncogenic  process  in  XY  sex-reversed  in¬ 
dividuals.  Although  the  exact  mechanism(s)  by  which 
TSPY  exerts  its  oncogenic  effects  in  germ  cell  tumors  still 
must  be  defined  experimentally,  the  present  observations 
further  substantiate  the  role  of  TSPY  in  gonadoblastoma. 
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Summary  The  testis-specific  protein  Y-encoded  (TSPY)  gene  is  the  putative  gene  for  the  gonadoblastoma 
locus  on  the  Y  chromosome  (GBY)  that  predisposes  dysgenetic  gonads  of  intersex  patients  to 
gonadoblastoma  development.  TSPY  is  expressed  at  high  levels  in  gonadoblastoma  tissues,  supporting  its 
possible  oncogenic  function  in  this  type  of  germ  cell  tumors.  To  explore  the  possibility  that  this  Y 
chromosome  gene  is  also  involved  in  pathogenesis  of  the  more  common  testicular  germ  cell  tumors 
(TGCTs),  we  have  conducted  various  expression  studies  using  immunohistochemistry,  Western  blotting,  and 
reverse  transcription-polymerase  chain  reaction  analysis  on  171  cases  of  TGCTs  and  selected  normal  testis 
controls.  Our  results  demonstrated  that  TSPY  protein  is  abundantly  expressed  in  the  precursor,  carcinoma  in 
situ  or  intratubular  germ  cell  neoplasia  unclassified,  and  seminoma,  but  only  minimally  or  not  expressed  in 
various  types  of  nonseminomas.  TSPY  coexpresses  with  established  germ  cell  tumor  markers  (such  as 
placental-like  alkaline  phosphatase,  c-KIT,  OCT4)  and  proliferative  markers  (such  as  Ki-67  and  cyclin  Bl)  in 
the  same  tumor  cells  at  both  RNA  and  protein  levels.  Ectopic  TSPY  expression  in  cultured  cells  up-regulates 
progrowth  genes,  including  those  at  chromosome  12pl3,  frequently  gained/amplified  in  TGCTs.  Our  results 
suggest  that  TSPY,  in  combination  with  other  markers,  could  be  an  important  marker  for  diagnosis  and 
subclassification  of  TGCTs  and  support  its  role  in  the  pathogenesis  of  both  gonadoblastoma  and  TGCTs. 
©  2007  Published  by  Elsevier  Inc. 
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1.  Introduction 

The  testis-specific  protein  Y-encoded  (TSPY)  gene  is  a 
tandemly  repeated  gene  on  the  short  arm  of  the  human  Y 
chromosome  [1-3].  Most  of  its  functional  transcriptional 
units  have  been  mapped  within  the  critical  region  harboring 
the  gonadoblastoma  locus  on  the  Y  chromosome  (GBY) 
[4-6],  the  only  oncogenic  locus  on  this  male-specific 
chromosome.  It  is  hypothesized  to  serve  a  normal  physio¬ 
logic  function  in  germ  cell  proliferation  and/or  differentia¬ 
tion,  but  could  predispose  incompatible  germ  cells,  for 
example,  those  in  an  ovarian  environment  or  dysfunctional/ 
dysgenetic  testis,  to  tumorigenesis  [4,7].  Gonadoblastoma 
most  frequently  arises  in  dysgenetic  gonads  of  XY  women, 
intersex  individuals,  and — to  a  lesser  extent — Turner 
patients  with  residual  Y  chromosome  materials  [8-12]. 
Recent  studies  demonstrated  that  TSPY  sequences  are 
indeed  present  in  the  genomes  of  these  XY  women  and 
intersex  individuals,  and  are  abundantly  expressed  in  this 
special  type  of  germ  cell  tumors  [13-15],  thereby  supporting 
the  candidacy  of  TSPY  as  the  gene  for  GBY. 

Several  studies  have  documented  the  expression  of 
TSPY  in  the  more  common  forms  of  testicular  germ  cell 
tumors  (TGCTs)  of  adult  testis,  classified  as  seminomas  and 
nonseminomas  [2,7,16-18].  However,  its  value  as  a  diag¬ 
nostic  marker  for  subtypes  of  these  prevalent  cancers  among 
young  men  between  15  and  35  years  of  age  has  not  been 
established.  At  present,  a  detailed  investigation  regarding  its 
colocalization  with  other  known  markers  has  not  been 
performed  so  far.  Furthermore,  various  isoforms  of  TSPY 
transcripts  and  proteins  have  been  demonstrated  in  cancer¬ 
ous  samples  [16].  It  is  uncertain  if  such  isoforms  exist  in 
various  types  of  TGCTs.  To  address  these  questions,  we 
conducted  a  comprehensive  study  in  establishing  its 
expression  pattern  with  reference  to  those  of  other  germ 
cell  tumor  markers,  such  as  OCT4,  c-KIT,  and  placental-like 
alkaline  phosphatase  (PLAP),  alpha  fetal  protein  (AFP),  and 
human  chorionic  gonadotrophin  (hCG)  [19].  Our  results 
showed  that  TSPY  is  predominantly  expressed  in  testicular 
seminoma  and  the  precursor,  carcinoma  in  situ  (CIS)  or 
intratubular  germ  cell  neoplasia  unclassified  (ITGCNU),  but 
not  in  various  types  of  nonseminomas,  including  embryonal 
carcinoma,  teratoma,  choriocarcinoma,  and  yolk  sac  tumors. 
Its  expression  pattern  parallels  those  of  OCT4,  c-KIT,  and 
PLAP  in  CIS/ITGCNU  and  seminomas,  but  not  AFP  and 
hCG  in  nonseminomas.  The  differential  expression  pattern 
of  TSPY  in  seminomatous  and  nonseminomatous  germ  cell 
tumors  suggests  that  it  can  be  used  as  a  diagnostic  marker 
for  detection  of  precursors  of  germ  cell  tumors  and  for 
subtyping  of  TGCTs.  Hence,  TSPY,  in  combination  with 
other  markers,  could  be  an  important  marker  for  diagnosis 
and  subclassification  of  TGCTs. 

Testicular  germ  cell  tumors  are  postulated  to  originate 
ifom  the  ClS/lTGCNU  precursor.  Currently,  the  mecha- 
nism(s)  by  which  this  premalignant  precursor  initiates  and 
develops  into  both  seminomas  and  nonseminomas  is 


unknown.  Various  genetic  studies  have  demonstrated  that 
CIS/ITGCNU  and  TGCTs  are  aneuploid.  A  gain  of 
complete  short  arm  of  chromosome  12,  and  sometimes 
amplification  of  certain  portion  of  it,  has  been  the  consistent 
change(s)  in  the  evolving  germ  cell  tumor  genome  [19-22]. 
Such  gain  of  chromosome  12p  genes  seems  to  be  associated 
with  advancement  of  the  oncogenic  process(es)  and  increase 
in  pluripotency  of  the  tumor  cells  [20,21,23,24].  Previously, 
we  demonstrated  that  ectopic  TSPY  expression  in  cultured 
cells  up-regulates  progrowth  genes,  including  those  at 
chromosome  12pl3,  and  accelerates  the  G2/M  transition  in 
the  cell  cycle  [25].  Analysis  of  available  microarray  data 
demonstrates  a  correlation  between  TSPY  expression  and 
up-regulation  of  certain  chromosome  12pl3  genes  in 
clinical  CIS/ITGCNU  and  TGCT  samples  [26,27].  The  cell 
cycle  regulatory  function(s)  of  TSPY  and  the  present  results, 
therefore,  support  a  role(s)  for  this  Y  chromosome  gene  in 
the  pathogenesis  of  both  gonadoblastoma  and  TGCTs. 

2.  Materials  and  methods 
2.1.  Tissue  collection 

A  total  of  171  TGCTs  consisting  of  86  seminomas,  85 
nonseminomas,  and  17  normal  testicular  tissues  were 
analyzed  in  the  present  study.  They  were  obtained  from 
Department  of  Urology,  Hirosaki  University  School  of 
Medicine,  Cooperative  Human  Tissue  Network  (CHTN), 
and  Department  of  Pathology,  Veterans  Affairs  Medical 
Center,  San  Francisco.  Except  for  2  cases  of  nonseminomas 
that  occurred  at  ages  of  4  and  9  years,  most  TGCT  patients 
were  between  19  and  68  years  of  age.  A  total  of  131  cases 
with  clinical  staging  information  from  the  Department  of 
Urology,  Hirosaki  University,  Japan,  were  used  in  correlat¬ 
ing  the  TSPY  expression  with  clinical  staging  using  a  crude 
scoring  system,  as  described  in  Results.  Of  these  131  cases, 
61  were  seminomas  and  70  were  nonseminomas  consisting 
of  embryonal  carcinoma,  yolk  sac  tumor,  teratoma,  chorio¬ 
carcinoma,  and  mixtures  thereof  The  median  ages  for  the 
seminoma  and  nonseminoma  groups  were  34  and  27.5 
years,  respectively.  Patients  with  mixed  germ  cell  tumors 
harboring  nonseminomatous  and  seminomatous  compo¬ 
nents  were  considered  nonseminomas.  The  tumor  type 
classification  was  selectively  examined  and  confirmed  by 
a  pathologist  at  the  VA  Medical  Center.  The  seminoma  and 
CIS/ITGCNU  components  were  excluded  in  these  non¬ 
seminoma  specimens  and  were  studied  separately  in  our 
scoring  analysis.  Frozen  samples  of  TGCTs  were  obtained 
from  the  CHTN  and  used  for  protein  and  RNA  analyses. 
The  classification  of  these  frozen  samples  was  based  on 
pathologists’  reports  provided  from  the  CHTN.  Additional 
protein  and  RNA  samples  from  various  TGCTs  were 
provided  by  Professor  Leendert  Looijenga,  Erasmus  Medical 
Center,  Rotterdam,  the  Netherlands.  These  were  previously 
characterized  by  immunostaining  with  specific  TSPY 
antibody.  The  presence  of  TSPY  RNA  and  proteins  in  these 
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samples  corresponded  to  the  immunohistochemistry  results. 
Tissue  arrays  containing  normal  fetal  and  adult  testes  were 
purchased  from  Cybrdi  Inc  (Frederick,  MD).  All  studies  on 
human  archival  pathologic  specimens  were  performed  under 
a  protocol  approved  by  the  institutional  committee  on  human 
research,  VA  Medical  Center,  San  Francisco. 

2.2.  Antibodies 

The  mouse  monoclonal  antibodies  (nos.  2  and  7)  against 
recombinant  TSPY  were  generated  in  our  laboratory  [28]. 
Other  antibodies  were  obtained  from  the  following  commer¬ 
cial  sources:  (1)  Lab  Vision  (Fremont,  CA),  a  rabbit 
polyclonal  antibody  against  FLAP  (SP15,  RM-9115),  a 
rabbit  monoclonal  antibody  against  Ki-67  (Clone  SP6,  RM- 
9106),  a  rabbit  antibody  against  the  AFP  (RB9064),  a  mouse 
monoclonal  antibody  against  the  hCG  (SPM105);  (2)  Dako 
Corp  (Carpinteria,  CA),  a  rabbit  polyclonal  antibody  against 
c-KJT  and  a  mouse  monoclonal  antibody  against  human 
cyclin  B1  (A4502);  (3)  Sigma  Biochemicals  (St.  Louis, 
MO),  a  mouse  monoclonal  antibody  against  tubulin;  and  (4) 
Santa  Cruz  Biotechnology  Inc  (Santa  Cruz,  CA),  a  goat 
polyclonal  antibody  against  OCT4  (C-20,  sc-8629).  The 
OCT4  antibody  has  been  demonstrated  to  be  informative  for 
immunohistochemistry  and  Western  blotting  of  TGCTs  [29]. 

2.3.  Immunohistochemistry  and 
immunofluorescence 

Immunohistochemical  staining  was  performed  as  previ¬ 
ously  described  [28].  Briefly,  formalin-fixed  and  paraffin- 
embedded  TGCT  tissue  sections  were  deparaffmized  with 
xylene,  and  hydrated  with  an  ethanol-water  series.  Antigen 
retrieval  was  performed  by  incubating  the  slides  in  50 
mmoFL  Tris-HCl  (pH  10)  at  95°C  for  20  to  30  minutes. 
Endogenous  peroxidase  was  inactivated  in  3%  H2O2  for  15 
minutes  at  room  temperature.  The  sections  were  blocked 
with  3%  BSA,  0.1%  Triton  X-100  in  PBS  for  1  hour,  and 
were  incubated  overnight  at  4  °C  with  the  respective 
primary  antibodies,  at  dilution  ratios  of  1:1000  for  TPSY 
monoclonal  antibody,  1:50  for  PLAP  rabbit  antibody,  1:500 
for  c-KIT  rabbit  antibody,  1:500  for  OCT4  goat  antibody, 
1:200  for  AFP  antibody,  1:50  for  hCG  antibody,  and  1:100 
for  Ki-67  rabbit  monoclonal  antibody.  The  primary  anti¬ 
bodies  were  then  detected  with  corresponding  biotinylated 
secondary  antibodies  and  visualized  via  avidin-biotin 
detection  and  substrate  kits  (Vector  Laboratories,  Burlin¬ 
game,  CA).  The  immunostained  sections  were  reviewed 
independently  by  at  least  2  investigators.  For  immunoflu¬ 
orescence  double  staining,  sections  were  processed  as 
described  earlier,  the  signals  were  visualized  with  FITC  or 
Alexas  594  conjugated  secondary  antibodies  (Cell  Signal¬ 
ing,  Danvers,  MA)  and  fluorescence  microscopy.  Normal 
testis  sections  were  used  as  positive  control  for  TSPY.  As 
negative  controls,  parallel  sections  were  similarly  processed 
without  the  respective  primary  antibody  for  each  immunos- 
taining  experiment. 


2.4.  Reverse  transcription-polymerase  chain  reac¬ 
tion  analysis 

Frozen  TGCT  tissues  were  obtained  from  the  CHTN. 
Total  RNAs  were  isolated  from  these  frozen  tissues  by  using 
TRlzol  reagents  (Invitrogen,  Carlsbad,  CA).  After  treatment 
with  RNase-free  DNase  (Promega,  Madison,  WI),  2  pg  of 
treated  total  RNA  were  used  for  cDNA  synthesis  with 
Superscripts  Ill  Kit  (Invitrogen)  in  a  20-fiL  reverse 
transcriptase  reaction  mixture.  Polymerase  chain  reaction 
(PCR)  was  performed  with  1  pL  of  each  of  the  cDNA 
reactions  with  specific  primer  sets  and  a  touchdown 
protocol  [16].  Semiquantitative  reverse  transcription  (RT)- 
PCR  and  estimation  of  amplified  products  were  performed 
as  previously  described  [25].  GAPDH  and  HPRT  were  used 
as  controls  in  respective  experiments,  as  noted. 

2.5.  Western  blot  analyses 

Western  blotting  was  performed  with  established 
procedures  [28,30].  Frozen  tissues  were  homogenized  in 
lysis  buffer  (50  mmol/L  Tris-HCl,  pH  7.5,  150  mmol/L 
NaCl,  1  mmol/L  EDTA,  1  mmol/L  ethylene  glycol 
tetraacetic  acid,  1%  Triton  X-100)  with  a  polytron,  and 
centrifuged  at  16000  g  for  10  minutes.  The  protein 
concentration  was  deteimined  by  a  Bio-Rad  DC  protein 
assay  kit  (Bio-Rad,  Richmond,  CA).  One  hundred 
micrograms  of  each  lysate  was  resolved  on  10%  sodium 
dodecyl  sulfate-polyacrylamide  gel  electrophoresis,  and 
transferred  onto  nitrocellulose  membranes  via  electro- 
blotting.  Human  HEK293  cells  were  individually  trans¬ 
fected  with  expression  vectors  for  the  cDNAs  of  various 
TSPY  isoforms  under  the  CMV  promoter  and  analyzed 
similarly  after  48  hours  by  Western  blotting  [28,30].  The 
membranes  were  incubated  with  various  primary  anti¬ 
bodies  at  various  dilutions,  as  described  earlier.  The 
signals  were  visualized  with  respective  horseradish 
peroxidase-conjugated  secondary  antibodies  and  ECL  plus 
chemiluminescence  kit  (GE  Healthcare,  Piscataway,  NJ). 
The  filters  were  stripped  and  reprobed  or  parallel  ones 
were  probed  with  additional  antibodies  and  the  signals 
detected  similarly. 

2.6.  Hierarchical  clustering  of  gene  expression  data 

Gene  expression  data  of  selected  number  genes  mapped 
to  chromosome  12  band  pl3  were  obtained  from  the  Gene 
Expression  Omnibus  (GEO)  database  [26].  The  GEO  data 
sets  were  as  follows:  normal  testes  (NTl,  GSM31729;  NT2, 
GSM31728;  NT3,  GSM31803),  CIS/ITGCNU  samples 
(ITGCNUl,  GSM33594;  1TGCNU2,  GSM31730; 
ITGCNU3,  GSM31731),  seminomas  (SEl,  GSM33595; 
SE2,  GSM31732;  SE3,  GSM33942),  and  embryonal  carci¬ 
noma  (ECl,  GSM33944).  Other  microarray  data  sets  were 
derived  from  published  results  [27].  The  expression  data  in 
log2  ratios  were  analyzed  by  a  1 -sample  t  test  to  detect 
significant  differences  in  gene  expression.  Genes  that 
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Fig.  1  Preferential  TSPY  expression  in  testicular  seminoma  and  its  precursor,  CIS/ITGCNU.  (A)  An  example  of  intense  TSPY 
immunostaining  of  seminoma  (right)  harboring  adjacent  CIS/ITGCNU  cells  (left)  in  a  34-year-old  patient.  (B-E)  Enlarged  views  of  boxed 
areas  in  A  showing  CIS/ITGCNU  (B,  C)  and  seminoma  (D,  E)  components.  Immunostaining  of  TSPY  on  (F)  a  case  of  metastatic  seminoma 
in  lymph  node,  and  (G-I)  selected  nonseminomas  harboring  adjacent  CIS/ITGCNU  cells.  TSPY  was  intensely  positive  for  metastatic 
seminoma  cells  (J)  and  CIS/ITGCNU  cells  but  not  the  respective  nonseminomas  (K-M).  (N)  Double  immunostaining  of  TSPY  and  OCT4  on 
an  embryonal  carcinoma  (left)  with  adjacent  CIS/ITGCNU  (right)  of  a  35-year-old  patient.  (O-P)  Enlarged  views  of  corresponding  boxed 
areas  in  N.  LN  indicates  lymph  node;  YS,  yolk  sac  tumor;  EC,  embryonal  carcinoma.  Bar  in  F  represents  400  fim  in  F-I;  bar  in  N  represents 
100  ^im  in  A,  J-N;  and  bar  in  P  represents  20  /.im  in  B-E  and  O-P. 

showed  differential  expression  with  P  values  <  of  .01  were  analyses  for  microarray  algorithm  with  less  than  5%  false 
considered  statistically  significant.  Normalized  gene  expres-  discovery  rate.  The  expression  profiles  resulting  from  this 

sion  ratios  between  samples  were  analyzed  with  significant  analysis  were  grouped  based  on  similarity  in  pattern  of  their 
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expression  by  using  hierarchical  cluster  analysis  based  on 
the  Pearson  correlation  by  TIGR  MultiExperiment  Viewer 
software  version  4.01  [31], 

3.  Results 

3.1.  TSPY  is  preferentially  expressed  in  seminomas 
and  germ  cell  tumor  precursors 

To  correlate  the  TSPY  expression  at  the  early  stage  of 
TGCTs,  we  examined  a  total  of  171  cases  of  TGCTs 
harboring  various  features,  including  CIS/ITGCN,  semi¬ 
noma,  yolk  sac  tumor,  embryonal  carcinoma,  and  chorio¬ 
carcinoma,  using  immuno staining  techniques.  Our  results 
showed  that  TSPY  was  preferentially  expressed  at  high 
levels  in  CIS/ITGCNU  and  seminoma  specimens  (Fig.  lA- 
E).  Such  immunostaining  persisted  in  metastatic  seminoma 
cells  in  the  lymph  node  (Fig.  IF,  J).  However,  immunos¬ 
taining  signals  for  TSPY  were  at  minimal  or  negative  levels 
in  nonseminomas,  including  teratoma,  yolk  sac  tumors  (Fig. 
IH),  and  embryonal  carcinomas  (Fig.  IG,  I,  N,  and  O). 
Selected  areas  of  the  yolk  sac  tumors  and  embryonal 
carcinomas  might  contain  clusters  of  CIS/ITGCNU  whose 


tumor  cells  are  highly  positive  for  TSPY  (Fig.  IG-I,  K-M, 
N-P),  as  those  in  seminoma  samples  (Fig.  IB,  C). 

3.2.  TSPY  is  coexpressed  with  established  tumor 
markers  for  seminoma  and  CIS/ITGCNU 

The  preferential  expression  of  TSPY  in  testicular 
seminoma  and  CIS/ITGCNU  suggests  that  this  GBY 
candidate  gene  could  serve  as  a  specific  tumor  marker  for 
these  types  of  germ  cell  tumors.  To  determine  its 
expression  pattern  in  reference  to  other  established  germ 
cell  tumor  markers,  such  as  PLAP,  OCT4,  c-KIT,  and  the 
proliferative  marker,  Ki-67,  we  performed  double  immu¬ 
nofluorescence  analysis  on  selected  testicular  seminoma 
and  CIS/ITGCNU  specimens.  Our  results  demonstrated 
that  TSPY  was  coexpressed  in  the  same  tumor  germ  cells 
of  both  types  of  TGCTs,  despite  variation  of  their 
subcellular  locations  and  heterogeneity  in  staining  inten¬ 
sity  (Fig.  2).  TSPY  was  located  in  both  cytoplasm  and 
nuclei  of  the  tumor  germ  cells.  Placental-like  alkaline 
phosphatase  and  c-KIT  (the  tyrosine  kinase  receptor  for 
stem  cell  factor)  were  primarily  located  on  the  cell 
surface,  whereas  OCT4  (the  stem  cell  transcription  factor) 
and  Ki-67  (the  proliferative  marker)  were  located  on  the 


CIS/ITGCNU 

I - 1  r 


Seminoma 


Merged 


OCT4 


TSPY 

pi,,\p 

Merged 

o 

<D 

0 

OCT4 

,  i  V’  AlergeU 

^  ^  -  Ui 

J  >  ^ 

O  w- 

c-KIT 

Merged 

-A  O. 

V/ 

-  * 

(D 

TSPY 

Cydin  B 

J,  Merged 
>  4^*.. 

9  ^ 

-v 

A'"*  ^ 

O 

‘  2  L  ,  TSPV 

Ki-67 

© 

Fig.  2  Coexpression  of  TSPY  and  various  tumor  markers  in  CIS/ITGCNU  (left  3  columns)  and  seminoma  (right  3  columns)  tumor  germ 
cells.  Double  immunofluorescence  of  TSPY  (green  in  A,  D,  G,  J,  M,  P)  and  PLAP  (red  in  B,  E),  OCT4  (red  in  H,  K),  and  c-KIT  (red  in  N,  Q) 
showed  that  these  tumor  markers  were  expressed  in  the  same  tumor  genu  cells,  as  indicated  in  merged  images  (yellow-orange  in  C,  F,  I,  L,  O 
and  R).  TSPY  (green  in  S  and  V)  was  coexpressed  with  cyclin  B1  (a  potential  interactive  partner,  red  in  T)  and  the  Ki-67  proliferative  marker 
(red  in  W)  in  the  same  tumor  germ  cells,  as  revealed  in  respective  merged  images  (yellow-orange  in  U  and  X).  These  specimens  were  derived 
from  patients  who  were  between  27  and  56  years  old.  Bar  in  X  represents  20  fim  in  all  images. 
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nuclei  [32].  Similar  to  TSPY,  cyclin  B1  (the  mitotic 
cyclin)  could  be  located  on  both  cytoplasm  and  nuclei. 
All  other  germ  cell  tumor  markers  coexpressed  mostly 
with  TSPY  protein  in  the  same  tumor  germ  cells,  as 


revealed  by  merged  images  of  the  respective  tissue 
sections  (Fig.  2C,  F,  I,  L,  O,  R,  and  U),  except  the 
proliferative  marker  (Ki-67)  that  was  only  highly 
expressed  in  selected  TSPY  positive  cells  (Fig.  2X). 
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Fig.  3  Protein  and  RNA  analyses  of  gene  expression  in  normal  testes,  seminoma,  and  nonseminoma  specimens.  (A)  Western  blot  analyses 
of  various  samples  with  a  TSPY  antibody  showed  multiple  reactive  protein  bands,  representing  different  isoforms  of  TSPY  in  protein  lysates 
of  normal  testes  (lanes  1-3,  11),  seminomas  (lanes  4-9),  and  nonseminomas  (lanes  10,  12,  13).  Some  of  these  TSPY  bands  corresponded  to 
those  from  HEK293  cells  transfected  with  DNA  plasmids  expressing  various  TSPY  isoforms  (left  3  lanes,  types  1  and  2  =  full-length  cDNA; 
ExonlA  =  cDNA  of  alternatively  spliced  transcript).  The  amounts  of  TSPY  proteins  were  highest  among  the  seminoma  specimens,  low  but 
detectable  levels  in  normal  testes,  and  minimal  amounts  or  none  among  the  nonseminomas.  Reprobing  of  the  same  or  parallel  filters  showed 
similar  expression  patterns  for  PLAP,  c-KIT,  and — to  a  certain  extent — OCT4  and  cyclin  Bl.  The  latter  markers  also  expressed  at  high  levels 
in  selected  nonseminoma  specimens  (eg,  mixed  germ  cell  tumor  in  lane  10  and  embryonal  carcinomas  in  lanes  12  and  13).  The  relative 
amounts  of  tubulin  seemed  to  be  quite  even  among  all  samples.  (B)  Reverse  transcription-polymerase  chain  reaction  analyses  of  transcripts 
for  TSPY  isoforms  (TSPY  =  total  transcripts;  ExonlA,  ExonlB,  ExonlC,  and  Int4  =  alternatively  spliced  transcripts),  and  gem  cell  tumor 
markers  (PLAP,  c-KIT,  OCT4,  and  cyclin  Bl)  in  the  same  samples  used  in  Western  blotting  in  A.  Successful  amplification  of  RT-PCR 
products  with  primer  sets  specific  for  the  transcripts  of  the  respective  isofoms  suggested  that  these  variant  TSPYs  were  present  in  the 
corresponding  samples,  particularly  the  seminomas  (lanes  4-9).  Although  semiquantitative  in  nature,  the  amounts  of  the  RT-PCR  products 
paralleled  the  intensities  of  Western  blot  signals  (detected  in  A),  whereas  the  same  analysis  of  a  reference  gene  (HPRT)  showed  relatively 
even  amounts  of  RT-PCR  products  among  all  samples.  All  RT-PCR  images  were  obtained  from  negative  printing  of  the  respective  ethidium 
bromide  staining  of  the  agarose  gels.  (C)  Diagrammatic  illustration  of  major  variant  transcripts  originated  from  the  expression  of  the  TSPY 
tandem  arrays  on  the  human  Y  chromosome.  Arrows  indicate  the  positions  of  respective  primers  in  the  structural  gene  used  to  detect  these 
variant  transcripts  by  RT-PCR  analysis  (B).  Solid  and  open  boxes  represent  coding  and  noncoding  sequences  of  the  variant  transcripts. 
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3.3.  Variant  TSPY  proteins  are  expressed  in  both 
normal  and  tumor  germ  cells 

To  confirm  our  immuno staining  results,  selected  cases  of 
seminomas,  nonseminomas,  and  normal  testes  were  ana¬ 
lyzed  with  Western  blotting  (Fig.  3A).  Our  results  showed 
that  TSPY  was  indeed  expressed  at  high  levels  in  seminoma 
samples,  but  minimally  in  mixed  TGCT,  and  embryonal 
carcinomas.  Normal  testes  showed  reduced  but  detectable 
levels  (Fig.  3A,  lanes  1-3,  11).  Interestingly,  multiple  bands 
were  observed  in  both  seminomas  and  normal  testis  samples 
(eg.  Fig.  3A,  lanes  1-9).  These  bands  correspond  to  those 
expressed  in  HEK293  cells  transfected  with  expression 
vectors  for  respective  isoforms  of  TSPY  proteins  (Fig.  3A, 
left  3  lanes)  [16].  Reprobing  of  the  same  filters  with  various 
specific  antibodies  showed  that  specific  TGCT  markers, 
such  as  PLAP,  c-KIT,  and  OCT4,  were  highly  expressed  in 
seminoma  samples,  but  not  in  normal  testes.  Significantly, 
both  OCT4  and  Cyclin  B1  showed  similar  high  levels  of 
expression  in  the  embryonal  carcinoma  samples  as  those  of 
the  seminomas.  We  also  observed  similar  immunostaining 
intensity  for  these  2  markers  in  the  same  specimens. 

Various  TSPY  isoforms  are  generated  by  alternative 
splicing  events  of  transcripts  originating  from  the  same 
transcriptional  units  [16,33].  In  general,  these  variant 
transcripts  can  be  classified  into  2  categories.  The  first 
one  uses  a  cryptic  donor  site  at  codon  no.  29  and  acceptor 
sites  at  codon  nos.  117,  134,  and  169,  and  generates  3 
variant  transcripts,  designated  as  ExonlA,  IB,  and  1C.  They 
encode  abbreviated  TSPY  isoforms  harboring  in-frame 
deletions  of  87,  104,  and  139  amino  acids,  respectively. 
The  second  category  of  transcripts  involves  intron  skipping 
events,  thereby  introns  3  or  4  could  be  included  in  the  final 
variant  transcripts.  They  encode  variant  TSPY  proteins 
harboring  a  normal  amino  end  but  diverge  at  the  intron 
junctions  with  short  carboxyl  termini  different  from  those  of 
most  isoforms  (Fig.  3C)  [16].  To  confirm  the  existence  of 
these  variant  transcripts  and  the  isoforms  detected  by 
Western  blot,  RT-PCR  analysis  with  transcript-specific 
primer  sets  (Table  1)  was  conducted  with  total  RNAs 
derived  from  the  same  samples,  used  in  the  Western  blotting 
(Fig.  3A).  Our  results  showed  that  these  variant  transcripts 
were  present  in  these  specimens.  Although  semiquantitative 
in  nature,  the  relative  amounts  of  RT-PCR  products  (Fig. 
3B)  were  similar  to  those  of  proteins  detected  by  Western 
blotting  in  the  respective  samples  (Fig.  3A).  Similar  results 
were  obtained  for  the  transcripts  for  the  various  germ  cell 
tumor  markers,  cyclin  Bl,  and  controls  (Fig.  3B). 

3.4.  TSPY  is  an  excellent  diagnostic  marker 
for  TGCTs 

The  specific  expression  of  TSPY  in  CIS/ITGCNU  and 
seminoma  clearly  suggests  that  this  protein  can  be  an 
effective  diagnostic  marker  for  detection  and  classification 
of  TGCTs.  To  explore  this  possibility,  we  examined  TSPY 


Table  1  Primer  sets  used  in  RT-PCR  analysis  of  TSPY 
isoforms,  germ  cell  tumor  marker,  and  reference  genes 


Primers  Sequence 


TSPY-HL2 

TSPY-HL3 

TSPY-ExonlA 

TSPY-ExonlB 

TSPY-ExonlC 

TSPY-lntron4 

PLAP-F 

PLAP-R 

KIT-F 

KIT-R 

OCT4-F 

OCT4-R 

Cyclin  Bl-F 

Cyclin  Bl-R 

HPRT-F 

HPRT-R 

CD9-F 

CD9-R 

FOXMl-F 

FOXMl-R 

NANOG-F 

NANOG-R 

KRAS-F 

KRAS-R 

WNKl-F 

WNKl-R 

GAPDH-F 

GAPDH-R 


5'  -GTCTGCGGCGATAGGCCTCCACTT-3' 

5'  -TCGGCAGCGGGAAAAGATGGAGCG-3' 
5'  -GCACAGGCCTTGGTGGAGCTGGAG-3' 

5'  -GCACAGGCCTTGCGGGAAAAGATGG-3' 
5'  -GCACAGGCCTTGATGTCAGCCCTG-3' 

5'  -CGGGAAAGGCCTCATCAGGGCTC-3' 

5'  -CAACTTCCAGACCATTGGCTTG-3' 

5'  -TTACCACTCCCACTGACTTCCCTG-3' 

5'  -GGACTTGAGGTTTATTCCTGACCC-3' 

5'  -GCTTGCTTTGGACACAGACACAAC-3' 

5'  -TGGGGGTTCTATTTGGGAAGG-3' 

5'  -GTTCGCTTTCTCTTTCGGGC-3' 

5'  -TGGGGACATTGGTAACAAAGTCAG-3' 

5'  -TGGGCTTGGAGAGGCAGTATCAAC-3' 

5'  -CCTGCTGGATTACATTAAAGCACTG-3' 

5'  -GTCAAGGGCATATCCAACAACAAAC-3' 
5'  -GGATATTCCCACAAGGATGAGGT-3' 

5'  -GATGGCTTTCAGCGTTTCCC-3' 

5'  -TTGCCCGAGCACTTGGAATC-3' 

5'  -GGGGAGTTCGGTTTTGATGGT-3' 

5'  -TGATTTGTGGGCCTGAAGAAAA-3' 

5'  -GAGGCATCTCAGCAGAAGACA-3' 

5'  -GGACTGGGGAGGGCTTTCT-3' 

5'  -GCCTGTTTTGTGTCTACTGTTCT-3' 

5'  -ACCCTCGGTTGTTCCAGTC-3' 

5'  -ACACATGAGGAGTTGATATGGGA-3' 

5'  -ATGGGGAAGGTGAAGGTCG-3' 

5'  -GGGGTCATTGATGGCAACAATA-3' 


expression  in  61  cases  of  seminomas  (42,  9,  and  10  cases  of 
stages  I,  II,  and  III,  respectively)  and  70  cases  of  non¬ 
seminomas  (embryonal  carcinoma,  yolk  sac  tumor,  and 
teratoma  at  different  clinical  stages).  Of  these,  27  cases  of 
seminomas  and  26  cases  of  nonseminomas  harbored  CIS/ 
ITGCNU  adjacent  to  the  respective  tumor  sites  (Table  2). 
They  were  independently  analyzed  from  the  respective 
tumor  sites  within  the  specimens.  Eight  cases  of  non¬ 
seminomas  contained  seminomatous  components,  which 
were  excluded  in  the  analysis.  Immunostaining  was 
performed  by  a  technical  staff  and  independently  analyzed 
by  an  attending  pathologist.  The  TSPY  staining  intensity 
was  graded  from  0  (none)  to  3  (strong);  the  extent  of 
staining  was  graded  from  0  to  3,  representing  0%  to  more 
than  60%  of  tumor  cells  positive  (Table  3).  The  overall 
TSPY  grading  was  calculated  as  the  sum  of  the  2  grades. 
Hence,  this  grading  system  indicates  that  a  score  of  0  means 
no  cells  were  positive  for  TSPY,  whereas  a  score  of  6  means 
that  more  than  60%  of  cells  are  strongly  stained  with  TSPY 
antibody.  Intermediate  scores  suggest  that  staining  was 
either  heterogeneous  or  a  variation  in  intensity  on  the  tumor 
cells.  Our  results  showed  that  CIS/ITGCNU  showed  the 
most  intense  and  comprehensive  staining  of  the  tumor  cells 
(Fig.  4),  irrespective  of  their  origins  from  either  seminoma 
or  nonseminoma  specimens.  In  fact,  almost  every  CIS/ 
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Table  2  TSPY  staining  of  TGCTs 

TGCTs  Stage 

Cases 

+TSPY 

+CIS/ITGCNU 

Seminoma  I 

42 

37 

18 

II 

9 

9 

4 

III 

10 

5 

5 

Nonseminoma“  I 

34 

4 

18 

II 

8 

0 

5 

III 

28 

6 

13 

^  Nonseminoma  specimens  consisted  of  embryonal  carcinoma,  yolk 
sac  tumor,  teratoma,  and  mixed  germ  cell  tumors  with  seminoma 
components  (which,  together  with  CIS/ITGCNU,  were  excluded  in 
TSPY  immunostaining  scoring). 

ITGCNU  cell  was  positive  for  TSPY  in  most  specimens.  All 
but  10  cases  of  seminomas  showed  significant  and  intense 
staining  with  the  TSPY  antibody.  The  percentages  of  TSPY 
negative  samples  seemed  to  be  higher  in  the  late  clinical 
stage  111  than  in  the  earlier  stages.  Nonseminomas, 
excluding  the  ClS/lTGCNU  or  seminoma  components 
present  within  the  specimens,  showed  only  background 
staining  for  TSPY.  No  specific  staining  pattern  could  be 
identified  among  these  minimally  stained  samples.  All 
samples  that  were  negative  for  TSPY  by  immunohisto- 
chemistry  were  also  negative  in  Western  blot  analysis  using 
the  same  TSPY  antibody.  The  present  results  clearly  support 
the  notion  that  TSPY  is  a  significant  diagnostic  marker  for 
CIS/ITGCNU,  the  precursor,  and  seminomas,  and  a  key 
differential  marker  for  classification  of  TGCTs. 

3.5.  TSPY  up-regulates  chromosome  12pl3  genes 

Numerous  studies  suggest  that  genes  on  chromosome  12 
band  pi 3  could  play  important  functions  in  the  pathogenesis 
of  TGCTs  [21-24].  To  explore  the  correlation  between  the 
expression  levels  of  TSPY  and  selected  12p  genes,  we 
analyzed  available  microarray  data  of  normal  testis,  clinical 
TGCT,  and  CIS/ITGCNU  samples  [26,27]  by  using 
hierarchical  clustering  analysis.  Results  showed  that  TSPY 
expression  patterns  in  clinical  and  normal  samples  detected 
by  microarray  analyses  (Fig.  5A-B,  horizontal  blue  boxes) 
were  closely  related  to  those  demonstrated  by  immunostain¬ 
ing,  Western  blotting,  and  RT-PCR  studies  (ie.  Figs.  1-4). 
TSPY  was  expressed  at  moderate  levels  in  normal  testes 


Table  3  Scoring  system  for  TSPY  staining  of  TGCTs 


Staining  intensity  (SI) 

No  staining 

0 

Weak 

1 

Intermediate 

2 

Strong 

3 

Positive  cells  (PC) 

None 

0 

<30% 

1 

30%-60% 

2 

>60% 

3 

Overall  score  =  SI  +  PC. 

CIS/  I  II  III  NS 


ITGCNU  Seminoma 

Fig.  4  Relative  TSPY  immunostaining  of  tumor  cells  in  various 
subtypes  of  TGCTs,  based  on  a  cmde  grading  system  (as  described 
in  Table  3).  The  CIS/ITGCNU,  precursor  for  all  TGCTs,  showed  the 
most  intense  and  extensive  staining,  whereas  seminomas  at  clinical 
stages  I,  II,  and  III  were  positive  but  less  intense  than  the  CIS/ 
ITGCNU.  Nonseminomas  at  all  clinical  stages  showed  minimal 
staining  with  the  TSPY  antibody  under  the  same  conditions, 
suggesting  that  they  did  not  express  TSPY  to  any  significant  levels. 
In  early  germ  cell  tumors  TSPY  seemed  to  express  at  higher  levels, 
but  declined  toward  more  advanced  clinical  stages  among  the  CIS/ 
ITGCNU  and  seminoma  samples.  Such  differential  TSPY  expres¬ 
sion  suggests  that  TSPY  could  be  an  efficient  marker  for 
identification  of  premalignant  precursors  (CIS/ITGCNU)  and 
classification  of  various  subtypes  of  TGCTs.  Student  t  test  showed 
that  the  P  value  of  these  samples  were  less  than  .05  when  compared 
to  nonseminomas  (NS),  suggesting  that  they  were  significantly 
different  from  the  NS  samples  in  TSPY  immunostaining. 

(Fig.  5 A,  NT  1-3)  and  at  elevated  levels  in  CIS/ITGCNU 
(Fig.  5A,  ITGCNUl-3),  most  seminoma  (Fig.  5A,  SEl  and 
5B,  SE5-7),  and  spermatocytic  seminoma  samples  (Fig.  5B, 
SSI -5),  but  at  reduced  levels  in  most  embryonal  carcinomas 
(Fig.  5 A,  ECl  and  5B,  EC2,  EC4-6)  and  3  seminomas  (Fig. 
5A-B,  SE2-4).  Dysgerminomas  also  showed  minimal 
(background)  levels  of  TSPY  hybridization  (Fig.  5B, 
DGl-3).  Because  dysgerminomas  are  female  ovarian  semi- 
nomatous  germ  cell  tumors  lacking  the  Y  chromosome,  it  is 
expected  that  no  TSPY  should  be  expressed  in  them.  It  is 
interesting  to  note  that  some  testicular  seminomas,  such  as 
SE2-3  (Fig.  5A)  and  SE4  (Fig.  5B)  showed  reduced  levels, 
whereas  some  nonseminomas,  such  as  EC3  (Fig.  5B), 
showed  elevated  levels  of  TSPY  expression.  Such  hetero¬ 
geneity  in  TSPY  expression  was  also  observed  in  immu¬ 
nostaining  studies  (Table  2  and  Fig.  4).  Flence,  TSPY 
expression  patterns  detected  by  microarray  analyses  of 
clinical  samples  are  similar  to  those  observed  via  immuno¬ 
logic  techniques. 

Previously,  we  demonstrated  that  ectopic  expression  of 
TSPY  in  cultured  HeLa  cells  up-regulated  various  onco¬ 
genes  and  progrowth  genes,  including  CCND2,  and 
repressed  apoptotic  genes  and  growth  inhibitors  [25].  A 
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Fig.  5  Expression  of  TSPY  is  associated  with  up-regulation  of  selected  chromosome  12p  genes,  involved  in  TGCTs.  (A-B)  Hierarchical 
clustering  analysis  of  microarray  data  on  TSPY  and  selected  12pl3  genes  from  GEO  data  sets  (A,  see  Materials  and  methods)  and  published 
data  (B,  Looijenga  et  al  [27]).  Gene  candidates  among  the  list  may  occur  more  than  once  because  of  duplicate  probes,  indicating  the 
consistent  trend  of  gene  expression  in  the  group.  The  expression  patterns  of  CIS/ITGCNU  and  seminoma  samples  (vertical  boxed  regions  in 
A  and  B)  closely  resemble  that  for  HeLa  cells  ectopically  expressing  TSPY  transgene  (C).  Ectopic  TSPY  expression  up-regulates  12p  genes. 
(C)  Hierarchical  clustering  analysis  of  selected  12p  genes  in  HeLa  cells  overexpressing  TSPY  (HeLa)  and  control  cells  (control).  (D) 
Semiquantitative  RT-PCR  analysis  of  RNAs  derived  from  HeLa  cells  expressing  (+)  and  lacking  (— )  TSPY,  using  specific  primers  for  12p 
genes.  GAPDH  was  used  as  a  control.  The  relative  ratios  of  TSPY  expression  were  calculated  as  signals  from  HeLa  +  TSPY /HeLa  +  control, 
as  from  microarray  and  Q-RT-PCR  analyses  (lower  panel). 


reexamination  of  our  microarray  data  showed  that  selected 
12p  genes — including  the  CCND2  (cyclin  D2),  KRAS  (v- 
Ki-ras2  oncogene),  NANOG  (a  homeobox  stem  cell  factor), 
FOXMl  (the  forkhead  box  Ml),  WNKl  (WNK  lysine 
deficient  protein  kinase  1),  and  CD9  (a  member  of  the 
transmembrane  4  superfamily) — were  also  up-regulated 
either  directly  or  indirectly  in  HeLa  cells  by  the  ectopic 
expression  of  TSPY  (Fig.  5C).  To  confirm  such  up- 
regulation,  specific  primer  pairs  corresponding  to  the 
respective  transcripts  of  these  genes  (Table  1)  were  used 
in  a  semiquantitative  RT-PCR  analysis  of  RNAs  derived 
from  HeLa  cells  harboring/expressing  TSPY  (Fig.  5D,  +) 
and  those  containing  the  vector  alone  (Fig.  5D,  — ).  Our 
results  confirmed  the  initial  microarray  analysis  of  these  cell 
populations  (Fig.  5D)  and  showed  higher  levels  of  tran¬ 
scripts  of  these  12p  genes  in  HeLa  cells  expressing  TSPY 
than  cells  harboring  the  vector  alone.  Interestingly,  the 


expression  levels  of  these  genes,  estimated  by  semiquanti¬ 
tative  RT-PCR,  were  higher  than  those  estimated  by  our 
initial  microarray  analysis,  as  previously  observed  [25].  We 
surmise  that  these  differences  could  be  attributed  to  the 
respective  sensitivity  of  the  2  methods. 

Expression  of  the  selected  12p  genes  was  low  in 
normal  testes  (Fig.  5A,  NTl-3),  increased  in  CIS/ITGCNU 
(Fig.  5A,  ITGCNUl-3)  and  further  in  seminomas  (Fig. 
5 A-B,  SEI,  SE4-7),  and  was  at  highest  levels  in  the 
nonseminomatous  embryonal  carcinomas  (Fig.  5A-B, 
EC  1-6).  The  gradual  increases  in  the  expression  of  12p 
genes  could  be  associated  with  the  progression  of  the 
tumorigenic  process(es)  of  TGCTs.  Significantly,  the 
expression  patterns  of  TSPY  and  selected  12p  genes  in 
CIS/ITGCNU  and  most  seminoma  samples  (Fig.  5A-B, 
vertical  yellow  boxes)  resembled  closely  that  of  the  HeLa 
cells  ectopically  expressing  TSPY  (Fig.  5C),  suggesting  a 
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possible  link  between  elevated  TSPY  expression  and  up- 
regulation  of  the  selected  12p  genes  in  these  types  of  germ 
cell  tumors.  Notably,  further  increases  in  12p  gene 
expression  in  some  seminomas  (ie,  SE2-4)  and  most 
embryonal  carcinomas  were  associated  with  reduced 
TSPY  expression  in  these  samples.  Because  gain  of 
chromosome  12p  and/or  amplification  of  certain  portion 
of  this  chromosome  were  associated  with  the  development 
of  advanced  or  invasive  germ  cell  tumors,  such  differential 
expression  of  TSPY  suggests  that  it  might  play  a 
significant,  but  temporal,  role  in  the  evolution  of  the 
tumorigenic  germ  cell  genome. 


4.  Discussion 

The  present  study  demonstrated  the  significant  associa¬ 
tion  of  TSPY  expression  with  TGCT  precursor,  CIS/ 
ITGCNU,  and  most  testicular  seminomas.  Examination  of 
available  expression  microarray  data  confirmed  such  pref¬ 
erential  expression  pattern  of  this  Y  chromosome  gene  in 
different  types  of  TGCTs.  TSPY  is  coexpressed  with  other 
established  germ  cell  tumor  markers  (ie,  PLAP,  c-KlT, 
OCT4,  and  the  proliferative  marker,  Ki-67)  in  most  tumor 
cells  [19,32,34],  thereby  confirming  its  significance  as  a 
diagnostic  marker  for  CIS/ITGCNU  and  seminomatous 
tumors.  By  establishing  a  crude  grading  system,  we  were 
able  to  efficiently  demonstrate  such  differential  TSPY 
expression  and  to  distinguish  seminomas  from  nonsemino¬ 
mas.  Hence,  TSPY  is  an  important  diagnostic  marker  for  the 
detection  and/or  classification  of  various  subtypes  of  TGCTs 
for  routine  pathologic  and  clinical  analysis. 

Gonadoblastoma  is  a  rare  germ  cell  tumor  occurring 
most  frequently  in  XY  sex-reversed  and  intersex  patients 
who  harbor  residual  Y  chromosome  materials  [4-6,8-10]. 
Gonadoblastoma  and  TGCT  precursor,  CIS/ITGCNU, 
share  significant  similarities  in  their  morphology  and 
tumor  behavior  [24,35,36].  The  abundant  expression  of 
TSPY  in  both  gonadoblastoma  and  CIS/ITGCNU  further 
supports  such  postulation  of  common  origin(s)  of  these  2 
precursors  for  aggressive  germ  cell  tumors  [15,36].  The 
identification  of  TSPY  as  a  significant  candidate  for 
GBY  thereby  associates  this  repeated  Y  chromosome 
gene  with  the  pathogenesis  of  the  more  common  TGCTs 
among  young  men.  Because  CIS/ITGCNU  has  been 
considered  as  the  precursor  for  both  seminomas  and 
nonseminomas  (ie,  embryonal  carcinoma,  teratoma,  and 
yolk  sac  tumor  [15,37-39]),  the  differential  expression  of 
TSPY  between  seminomas  and  nonseminomas  implies 
that  these  2  types  of  germ  cell  tumors  have  taken  on 
separate  differentiation  pathways  in  their  tumorigenic 
processes.  These  findings  suggest  that  testicular  semi¬ 
nomas  evolve  along  the  germ  cell  lineage,  whereas 
nonseminomas  could  be  activated  to  more  pluripotent 
states  capable  of  addition  differentiation  into  other  cell 
types  [19,24].  Potentially,  these  adult  pluripotent  cells 


may  be  used  as  somatic  stem  cells  for  transdifferentiation 
studies,  including  those  for  gonocytes  [17]. 

Several  studies  have  demonstrated  the  expression  of 
TSPY  in  gonadoblastomas,  testicular  seminomas,  intracra¬ 
nial  germ  cell  tumors,  prostate  cancer,  hepatocellular 
carcinoma,  and  melanoma  of  male  origins  [13,14,16,40- 
42].  Previously,  we  demonstrated  a  preferential  expression 
of  a  variety  of  alternatively  spliced  TSPY  transcripts 
coding  for  different  abbreviated  isoforms  of  TSPY  protein 
in  prostate  cancer  samples  [16].  Interestingly,  similar 
enrichment  of  TSPY  isoforms  at  both  RNA  and  protein 
levels  in  seminoma  samples  were  also  observed  in  the 
present  study,  suggesting  the  same  preferential  expression 
of  the  abbreviated  forms  of  this  Y-encoded  protein  in  this 
type  of  TGCTs.  Currently,  it  is  uncertain  if  these 
polymorphic  TSPY  proteins  serve  the  same  or  different 
biologic  function(s).  It  will  be  interesting  to  determine  if 
tumors  in  other  tissues  (eg,  intracranial,  hepatocellular 
carcinoma,  and  melanoma)  also  preferentially  express  such 
abbreviated  forms  of  the  TSPY  protein. 

TSPY  is  expressed  in  early  gonocytes  in  prenatal  and 
postnatal  testes  [32]  and  spermatogonia  and,  to  a  certain 
extent,  round  spermatids  of  adult  testis  [28].  It  has  been 
postulated  to  serve  a  certain  role(s)  in  stem  germ  cell 
proliferation  and/or  male  meiosis  [4,7].  In  particular, 
disruption/delay  of  fetal  germ  cell  development  could  play 
a  significant  role  in  the  pathogenesis  of  TGCTs  [37,43-45]. 
Hence,  TSPY  expression  in  normal  fetal  gonocytes/presper- 
matogonia  and  adult  spermatogonial  stem  cells  affirms  its 
possible  functions  in  male  stem  germ  cell  differentiation, 
whereas  its  ectopic  expression  in  the  TGCT  precursor,  CIS/ 
ITGCNU,  and  seminomas  supports  the  possibility  of  a 
delayed  or  a  reactivated  fetal  programming  in  these  tumor 
germ  cells.  Currently,  the  exact  mechanisms  of  TSPY 
action(s)  at  the  molecular  and  cellular  levels  are  uncertain; 
its  expression  in  germ  cell  tumors  and  cancers  of  somatic 
origins  suggests  that  it  might  exert  a  proliferative  function(s) 
at  the  cellular  level  when  it  is  ectopically  expressed  in  these 
cells.  Indeed,  we  had  recently  shown  that  overexpression  of 
TSPY  in  cultured  somatic  cells  potentiated  cell  proliferation 
in  vitro  and  tumor  formation  in  nude  mice  [25].  Cells 
overexpressing  TSPY  transited  the  G2/M  phase  more 
rapidly  than  those  without  such  expression.  Transcriptome 
analysis  demonstrated  that  progrowth  genes  and  selected 
oncogenes  were  up-regulated,  whereas  apoptotic  factors  and 
cell  cycle  inhibitors  were  down-regulated  in  these  TSPY 
expressing  cells.  Ontology  analysis  of  the  differentially 
expressed  genes  suggested  that  pathways  involved  in  cell 
cycle  regulation  were  mostly  affected. 

A  more  focused  analysis  in  the  present  study  demon¬ 
strated  that  ectopic  expression  of  TSPY  in  HeLa  cells  up- 
regulated  selected  chromosome  12p  genes,  postulated  to  be 
involved  in  the  evolution  of  TGCTs  [21,24].  Currently,  the 
exact  mechanism(s)  by  which  TSPY  alters  the  expression 
these  chromosome  12p  genes  is  unknown.  TSPY  has  not 
been  demonstrated  as  a  transcription  factor,  and  hence,  it 
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could  likely  influence  such  changes  in  gene  expression  in 
an  indirect  manner(s).  Furthermore,  it  is  interesting  to 
observe  that  GAPDH  is  also  located  at  chromosome  12pl3, 
and  it  was  not  up-regulated  in  HeLa  cells  overexpressing 
the  TSPY  transgene  (Fig.  5D).  Hence,  TSPY  effects  could 
selectively  occur  on  genes  residing  in  this  chromosome 
region.  Significantly,  among  these  12p  genes  up-regulated 
by  ectopic  expression  of  TSPY,  both  CCND2  and  FOXMl 
are  key  players  in  cell  cycle  regulation.  CCND2  is  the  gene 
for  cyclin  D2  that  binds  to  and  activates  the  cyclin- 
dependent  kinase,  CDK4/6,  essential  for  the  cell  to  exit  Go 
and  enter  Gi  or  to  cycle  from  Gi  to  S  phase  [46,47].  By  up- 
regulating  cyclin  D2,  TSPY  could  have  a  positive  effect(s) 
on  cell  proliferation  and  tumor  initiation.  Significantly, 
FOXMl  encodes  a  key  transcription  factor  directly  binding 
to  the  promoters  and  regulating  the  transcription  of  many 
genes  coding  for  various  cell  cycle  regulators  (including 
cyclin  Bl,  Polo-like  kinase  1,  CENP-F,  Cdc25B  phospha¬ 
tase,  and  Auro  B  kinase)  important  for  Gi/M  stage  [48-50]. 
The  up-regulation  of  FOXMl  by  ectopic  TSPY  expression 
might  be  responsible  for  the  rapid  transition  of  the  cells 
through  G2/M,  previously  demonstrated  [25].  More  impor¬ 
tantly,  an  expedited  progression  through  this  stage  of  the 
cell  cycle  could  affect  various  G2  and  mitotic  checkpoints, 
essential  for  DNA  repair  and  orderly  cell  division  [51,52]. 
Inactivation  of  such  checkpoints  will  likely  enhance 
chromosome  nondisjunction  and/or  genomic  instability, 
thereby  increasing  mutational  events  and  exacerbating  the 
tumorigenic  process(es)  [53].  We  surmise  that  such  TSPY 
effects  could  be  important  for  the  premalignant  precursor 
(ie,  CIS/ITGCNU)  to  enter  the  cell  cycle  and  for  semi- 
nomatous  cells  to  maintain  their  oncogenic  properties.  The 
mutational  pressure  exerted  by  ectopic  TSPY  expression 
could  result  in  either  a  gain  of  chromosome  12p  or 
amplification  of  certain  genes  therein  that  favors  tumori¬ 
genic  progression.  Indeed,  gain/amplification  of  chromo¬ 
some  12p  seems  to  be  related  to  acquisition  of  pluripotency 
or  “sternness”  properties  by  the  tumor  germ  cells 
[20,54,55].  The  development  of  aggressive/pluripotent 
phenotypes  could  thereby  minimize  the  necessity  for  TSPY 
functions,  resulting  in  reduction  in  its  expression  in  late 
stages  of  TGCTs. 

Currently,  we  are  uncertain  what  role  TSPY  might  play 
in  spermatocytic  seminoma.  This  type  of  tumor  is  postulated 
to  derive  from  primary  spermatocytes,  and  gain  of 
chromosome  9  is  the  only  consistent  genomic  anomaly 
[27].  In  fact,  12p  genes  are  not  up-regulated  in  this  type  of 
germ  cell  tumors  (Fig.  5B).  TSPY  could  potentially  affect 
other  genes  residing  elsewhere  in  the  human  genome  that 
favor  the  oncogenic  process(es)  for  this  type  of  seminomas. 
Nevertheless,  TSPY  dysregulation  of  the  cell  cycle,  in 
combination  with  other  oncogenic  events,  including  activa¬ 
tion  of  proliferation  and  stem  cell  genes  as  well  as 
expression  of  specific  cell  cycle  controlling  micro-RNAs 
[56],  could  play  critical  roles  in  the  pathogenesis  and/or 
progression  of  gonadoblastoma  and  TGCTs. 
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Abstract 

The  testis-specific  protein  Y-encoded  {TSPY)  gene  is  one  of  the  early  genes  identified  on 
the  human  Y  chromosome.  It  is  tandemly  repeated  on  the  short  arm  of  this  chromosome, 
postulated  to  contain  the  gonadoblastoma  locus  responsible  for  predisposing  dysfunctional  germ 
cells  to  tumorigenesis.  TSPY  encodes  a  phosphoprotein  harboring  a  conserved  domain,  termed 
SET/NAP,  present  in  various  proteins  involved  in  cell  cycle  regulation,  chromatin  modeling,  and 
transcription  regulation.  Six  TSPY-like  genes  have  been  identified  in  different  mammalian 
genomes.  One  in  particular,  designated  as  TSPX,  is  located  on  the  syntenic  region  of  the  X 
chromosome.  Both  TSPY  and  TSPX  maintain  similar  gene  organization  with  6  and  7  exons 
respectively.  TSPX  encodes  a  protein  with  two  additional  domains,  a  N-terminal  proline-rich 
domain  and  a  carboxyl  bipartite  acidic  domain,  that  are  absent  in  TSPY.  Both  TSPY  and  TSPX 
possess  contrasting  properties  in  cell  cycle  regulation  when  they  are  ectopically  expressed.  Other 
autosomal  members  of  this  gene  family  are  single-exon  genes,  postulated  to  be  retrotransposons  of 
TSPY.  They  encodes  similar-sized  proteins  that  share  high  levels  of  homology  at  their  SET/NAP 
domains,  but  diverge  at  the  flanking  regions.  Specific  mutations  on  the  TiSPY-like  1  gene  have 
been  demonstrated  to  be  responsible  for  the  sudden  infant  death  with  dysgenesis  of  the  testes 
syndrome.  Hence,  TSPY  and  TSPY-like  genes  are  hypothesized  to  serve  a  variety  of  different 
physiological  functions  mediated  by  the  conserved  SET/NAP  and  unique  domains  in  their 
respective  proteins. 


The  Gonadoblastoma  Locus  and  the  TSPY  Gene  on  the  Human  Y  Chromosome 

Gonadoblastomas  are  benign  tumors  consisting  of  aggregates  of  large,  round 
germ  cells  and  immature  Sertoli/granulosa  cells  surrounded  by  ovarian-type  stroma 
(Scully,  1953;  Scully,  1970)  that  arise  most  frequently  (up  to  -66%)  in  the  dysgenetic 
gonads  of  intersex  individuals  who  harbor  in  their  genome  either  the  entire  or  a  partial  Y 
chromosome  (e.g.,  46,XY  or  45,X/46,XY)  (Verp  and  Simpson,  1987).  Patients  with 
Turner  syndrome  who  have  a  45,XO  chromosome  complement  and  residual  Y 
chromosome  material  are  also  at  risk  for  developing  gonadoblastoma,  although  at  a  much 
lower  rate  (7-10%)  (Gravholt  et  al.,  2000;  Mazzanti  et  al.,  2005).  These  tumors  are 
capable  of  synthesizing  sex  hormones,  such  as  estrogen  or  testosterone,  leading  to  either 
feminization  or  virilization  of  the  dysgenetic  gonads,  respectively  (Verp  and  Simpson, 
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1987;  Mancilla  et  al.,  2003).  Approximately  80%  of  intersex  patients  are  phenotypic 
females  and  20%  are  phenotypic  males  (Verp  and  Simpson,  1987). 

In  1987,  David  Page  proposed  the  existence  of  the  gonadoblastoma  locus  on  the 
Y  chromosome  (GBY)  to  explain  the  high  frequency  of  gonadoblastoma  in  the 
dysgenetic  gonads  of  XY  females  (Page,  1987).  The  GBY  gene  is  postulated  to  serve  a 
normal  function  in  the  testis,  but  could  predispose  the  dysgenetic  gonads  of  intersex 
individuals  to  tumorigenesis  (  Page,  1987;  Lau,  1999) .  Gonadal  dysgenesis  is  thought  to 
arise  from  mutation  or  deletion  of  the  sex  determining  region  Y  {SRY)  gene  (Sinclair  et 
al.,  1990)  or  other  downstream  sex  determining  genes  while  the  GBY  gene  remains  in  the 
XY  or  XO/XY  mosaic  genome.  Because  normal  females  do  not  have  the  Y  chromosome, 
the  acquisition  of  the  GBY  gene  could  be  considered  as  a  gain  of  function  in  the 
dysgenetic  gonads  in  female.  For  males,  the  SRY  gene  could  be  functional,  while  other 
sex  determining  genes  downstream  of  this  primary  switch  gene  might  be  affected, 
resulting  in  streaked  or  dysgenetic  gonads/testes.  Based  on  these  hypotheses,  the  GBY 
gene  potentially  could  act  as  an  oncogene  or  tumor-promoting  gene  in  dysfunctional 
germ  cells  of  sex -reversed  or  testis  dysgenesis  individuals.  Deletion  mapping  narrowed 
the  location  of  the  GBY  locus  to  a  small  region  on  the  short  arm  and  proximal  region  on 
the  long  arm  of  the  Y  chromosome  (Salo  et  al.,  1995;  Tsuchiya  et  al.,  1995;  Lau,  1999). 
The  transcriptional  units  of  the  testis-specific  protein  Y-encoded  (TSPY)  repeated  gene 
(Amemann  et  al.,  1991;  Zhang  et  al.,  1992)  are  primarily  located  on  this  GBY  critical 
region,  thereby  positioning  TSPY  to  be  a  significant  candidate  for  this  oncogenic  locus. 
Indeed,  TSPY  is  abundantly  expressed  in  gonadoblastoma,  testicular  seminoma,  and 
exxtragonadal  germ  cell  tumors  of  male  origin  (Schnieders  et  al.,  1996;  Hildenbrand  et 
al.,  1999;  Lau  et  al.,  2000;  Honecker  et  al.,  2005;  Kersemaekers  et  al.,  2005;  Hoei- 
Hansen  et  al.,  2006)  and  possesses  proliferative  properties  that  could  function  as  an 
oncogene/tumor  promoter  in  human  oncogenesis  (Oram  et  al.,  2006).  Hence,  studies  of  a 
relatively  rare  and  special  form  of  germ  cell  tumor,  gonadoblastoma,  have  identified  a 
significant  candidate  gene  that  potentially  could  play  an  important  oncogenic  role(s)  in 
the  more  common  testicular  germ  cell  tumors  (TGCTs). 

Properties  of  the  Testis-Specific  Protein  Y-Encoded  (TSPY)  Gene 

Early  studies  of  the  TSPY  gene  demonstrated  that  its  functional  units  are  2.8-kb 
in  size  and  consist  of  6  exons  and  5  introns  (Zhang  et  al.,  1992;  Schnieders  et  al.,  1996) 
embedded  in  repeat  units  of  ~20.5-kb  EcoRl  DNA  fragments  (Zhang  et  al.,  1992). 
Sequencing  of  the  male-specific  region  of  the  Y  chromosome  (MSY)  in  humans  showed 
that  TSPY  stmctural  gene  is  embedded  in  a  20.4-kb  unit  that  is  tandemly  repeated  -35 
times  on  the  GBY  critical  region  of  a  reference  individual  (Skaletsky  et  al.,  2003). 
Although  the  number  of  repeats  varies  among  individuals  and  could  range  from  23  to  49 
(Repping  et  al.,  2006),  these  repeat  units  show  >98%  sequence  homology  among  both 
among  TSPY  transcriptional  units  and  their  flanking  regions.  They  constitute  the  largest 
and  most  homologous  protein-coding  tandem  array,  so  far  identified  in  the  human 
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genome  and  represent  close  to  half  of  the  78  transcriptional  units  identified  within  the 
MSY  on  the  Y  chromosome  (Skaletsky  et  al.,  2003). 


TSPY  has  been  postulated  to  serve  a  normal  function  in  directing  the 
spermatogonia!  cells  to  enter  meiosis  (Schnieders  et  al.,  1996;  Lau,  1999).  Recent  studies 
suggested  that  TSPY  could  possess  additional  mitotic  function  in  the  proliferation  of 
embryonic  gonocytes  and  adult  spermatogonia  (Honecker  et  al.,  2004).  TSPY  gene  is 
evolutionary  conserved  on  the  Y  chromosome  of  all  placental  mammals,  such  as  the 
primates  and  artiodactyls  (Vogel  et  al.,  1997),  except  the  rodents.  Similar  to  the  human 
situation,  they  are  repetitive  genes  on  the  Y  chromosome.  The  rat  has  one  functional  Tspy 
gene  on  its  Y  chromosome  (Dechend  et  al.,  1998;  Mazeyrat  and  Mitchell,  1998).  In  the 
murines,  several  Apodemus  species  and  Mus  platythrix  posses  a  functional  Tspy  gene 
while  other  species  in  the  Mus  subgenus,  including  the  laboratory  mouse  (Mus  musculus), 
harbor  an  apparently  nonfunctional  (with  in-frame  and  splice  junction  mutations)  Tspy 
gene  on  their  Y  chromosomes  (Schubert  et  al.,  2000).  Several  autosomal  TSPY-like 
(TSPY-L)  genes  have  been  identified  in  both  the  mouse  and  human  genomes  (Vogel  et  al., 
1998b).  Currently,  it  is  uncertain  which  of  these  Tspy-like  genes  could  serve  as  a 
functional  counterpart  for  Tspy  in  the  mouse. 

TSPY  encodes  a  predominant  38-kDa  phosphoprotein  of  308  amino  acids.  It 
shares  tight  homology  to  the  product  of  the  SET  oncogene,  initially  identified  from  an 
intrachromosome  9  translocation  in  a  patient  with  undifferentiated  leukemia  (von  Lindern 
et  al.,  1992;  Adachi  et  al.,  1994a;  Adachi  et  al.,  1994b).  The  SET  oncoprotein  is  a  39-kDa 
phosphoprotein  consisting  of  277  amino  acids.  It  has  also  been  identified  as  the  template 
activating  factor  1(3  (TAF-lfT),  a  host  protein  required  for  DNA  replication  and 
transcription  of  the  adenovims  genome  (Nagata  et  al.,  1995).  Together  with  the 
nucleosome  assembly  protein-1  (NAP-1),  they  are  founding  members  of  a  protein  family 
designated  as  TSPY/SET/NAP  (Vogel  et  al.,  1998b;  Lau,  1999;  Ozbun  et  al.,  2001). 
Members  of  this  protein  family  harbor  a  conserved  domain  of  -160  amino  acids,  termed 
SET/NAP  domain  that  binds  to  the  type  B  cyclins  and  core  histones  (Kellogg  et  al.,  1995; 
Matsumoto  et  al.,  1999).  They  serve  a  diverse  spectrum  of  functions,  including  DNA 
replication,  transcription  modulation/chromatin  modeling,  and  cell  cycle  regulation 
(Nagata  et  al.,  1995;  Compagnone  et  al.,  2000;  Chai  et  al.,  2001;  Zhang  et  al.,  2001; 
Canela  et  al.,  2003;0ram  et  al.,  2006).  Mutations  and/or  dysregulation  of  members  of  this 
SET/NAP  gene  family  have  been  associated  with  various  forms  of  human  cancers,  i.e. 
leukemia  for  SET  oncoprotein  and  cell  division  autoantigen- 1  (CDAl )  gene  (  von  Lindern 
et  al.,  1992;  Adachi  et  al.,  1994a;  Chai  et  al.,  2001),  lung  cancer  for  the  differentially 
expressed  nucleolar  TGE-(31  target  (DENTT)  gene  (Ozbun  et  al.,  2003),  and 
gonadoblastoma,  testicular  germ  cell  tumors,  prostate  cancer  (Lau  et  al.,  2003), 
melanoma  (Gallagher  et  al.,  2005)  and  hepatocellular  carcinoma  (Yin  et  al.,  2005)  for  the 
TSPY  gene. 
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TSPX  is  An  X-Located  TSPY  Homologue  with  Contrasting  Properties 

Four  laboratories  have  independently  isolated  and  characterized  an  X-located 
gene  (at  Xpll.22),  recently  designated  as  TSPX  (Delbridge  et  al.,  2004),  that  shares 
significant  homologies  with  TSPY  and  SET.  In  all  instances,  TSPX  was  isolated  by 
exploratory  cloning  strategies  and  was  designated  separately  as  the  cutaneous  T-cell 
lymphoma- associated  tumor  antigen,  SE20-A,  (Eichmuller  et  al.,  2001),  CDAl  gene  (Chai 
et  al.,  2001)  and  DENTT  gene  (Ozbun  et  al.,  2001)  respectively.  Both  CDAl  and  DENTT 
have  been  studied  in  significant  detail.  Although  they  were  described  as  possessing  a 
SET/NAP/TSPY  domain  in  their  encoded  proteins,  their  identity  as  the  homologue  of 
TSPY  was  not  obvious  until  the  structure  and  mapping  of  these  genes  were  studied 
recently  (Delbridge  et  al.,  2004). 

TSPX  has  been  mapped  to  the  syntenic  region  harboring  the  homologues  of  other 
Y-genes  on  X  chromosome  in  humans  and  mice.  Both  TSPX  and  TSPY  maintain  similar 
gene  organization  (Eigure  1).  The  TSPX  gene  is  about  6.3-kb  in  size  and  harbors  7  exons. 
It  encodes  an  ~80  kDa  protein  of  693  amino  acids.  TSPY  is  2.8-kb  in  size  and  harbors  6 
exons.  It  encodes  a  variety  of  polymorphic  proteins  with  the  main  product  being  a  protein 
with  308  amino  acids  and  a  calculated  molecular  weight  of  35-kDa.  The  homologous 
regions  of  both  TSPX  and  TSPY  are  encoded  by  exons  2-5  of  both  genes  and  have  highly 
conserved  sequence  homology  and  exon-intron  organization.  These  portions  of  the 
proteins  also  harbor  the  SET/NAP  domain.  TSPX  differs  from  TSPY  by  having  an  N- 
terminal  proline-rich  domain  and  a  carboxyl  bipartite  acidic  domain,  encoded  by  exon  1 
and  exons  6-7  respectively.  Both  proteins  are  phosphorylated,  presumably  by  cyclin 
dependent  kinases  (CDKs)  (Chai  et  al.,  2001)  and  other  protein  kinases  (Krick  et  al., 
2006).  TSPY  could  be  located  in  both  cytoplasm  and  nuclei  of  expressing  cells.  The 
phosphorylation  of  the  tyrosine  at  residue  #300  of  the  predominant  TSPY  isoform  by 
CK2  kinase  has  been  demonstrated  to  be  essential  for  its  nuclear  translocation  (Krick  et 
al.,  2006). 
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Figure  1.  Organization  of  human  TSPX  and  TSPY  exons  and  corresponding  protein  domains. 
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Significantly,  over-expression  of  TSPX  (CDAl)  arrests  cell  growth  at  G2/M  phase 
of  the  cell  cycle  (Chai  et  al.,  2001).  TSPX  is  localized  at  the  nucleus  and  nucleolus  of  the 
cells.  Such  cell  growth  inhibitory  effects  were  mapped  to  the  carboxyl  acidic  domain  and 
two  CDK-1/2  phosphorylation  sites,  located  at  the  proline-rich  domain  and  SET/NAP 
domain  respectively.  The  latter  phosphorylation  site  is  also  conserved  at  the  SET/NAP 
domain  of  the  TSPY  protein.  Targeted  mutations  of  both  phosphorylation  sites  or 
truncation  of  the  acidic  domain  of  TSPX  eliminates  its  growth  inhibition.  Importantly, 
over-expression  of  the  SET  protein  also  arrested  cell  proliferation,  specifically  at  G2/M 
phase  (Canela  et  al.,  2003).  Such  growth  inhibitory  effects  of  SET  were  also  mapped  to 
its  acidic  carboxyl  domain  (Canela  et  al.,  2003),  thereby  ascertaining  the  importance  of 
the  acidic  carboxyl  domain  of  both  SET  and  TSPX  in  cell  cycle  regulation.  SET  binds  the 
mitotic  cyclin  B  and,  in  collaboration  with  other  factors,  affects  the  cyclin  B-CDKl 
activities  (Canela  et  al.,  2003;  Carujo  et  al.,  2006).  Normally,  TSPX  (DENTT)  is 
expressed  in  a  wide  spectmm  of  tissues,  with  major  sites  in  brain,  lung,  thymus,  adrenal, 
pituitary,  smooth  muscle,  testis  and  ovary  in  adult  mice.  It  is  initially  expressed  in  the 
heart  and  the  primitive  brain  of  E8  mouse  embryos.  The  embryonic  expression  expands 
gradually  to  other  tissues  at  later  stages  and  reaches  the  ubiquitous  pattern  in  adults 
(Ozbun  et  al.,  2003;  Ozbun  et  al.,  2005). 

Over-expression  of  TSPY  potentiates  cell  proliferation  in  cultured  cells  and 
promotes  tumor  growth  in  nude  mice  (Oram  et  al.,  2006).  It  probably  mediates  such 
proliferative  effect(s)  at  the  G2/M  checkpoints  since  cells  over-expressing  TSPY  transit 
G2/M  phase  more  rapidly  than  those  repressing  its  expression.  These  cell  cycle  effects  are 
in  contrast  with  those  of  TSPX  {CDAl).  Both  genes  encode  relatively  homologous 
proteins  with  a  conserved  SET/NAP  domain,  with  the  exception  of  the  carboxyl  acidic 
tail  that  is  absent  in  TSPY.  Since  the  cell  cycle  inhibitory  effect(s)  of  TSPX  has  been 
mapped  to  this  portion  of  the  molecule,  the  differences  in  cell  cycle  properties  between 
TSPX  and  TSPY  could  be  attributed  to  the  presence  and  absence  of  the  carboxyl  acidic 
domain  in  the  respective  proteins. 


Microarray  analysis  demonstrates  that  ectopic  TSPY  expression  primarily  affects 
genes  in  three  cellular  processes,  cell  cycle  regulation,  phosphate  transport  and 
neuromuscular  development  (Oram  et  al.,  2006).  Among  the  cell  cycle  genes,  TSPY  up- 
regulates  several  oncogenes  (epidermal  growth  factor  receptor  (ERBB),  and  members  of 
the  WNT  and  RAS  oncogenes),  growth  factors  (PDGFC,  £GF-related,  ANKRD15, 
RGC32,  NANOSl)  cyclin  D2,  and  a  histone  acetyltransferase  {EP300),  an  apoptosis 
inhibitor  (GSPTl)  and  an  antigen  {CD24)  highly  expressed  in  small  cell  lung  carcinoma. 
The  down-regulated  genes  include  an  inhibitor  for  CDK4ICDK6,  transforming  growth 
factor  (33,  a  pro-apoptotic  factor  {IGFB3),  and  an  inhibitor  of  MAP  kinases  (dual 
specificity  phosphatase  5).  In  particular,  the  CCND2  gene  (that  encodes  cyclin  D2)  and 
another  up-regulated  gene,  the  tetratri copeptide  repeats  (TMTCl),  reside  on  chromosome 
12p,  which  is  frequently  amplified  and  expressed  at  high  levels  in  testicular  germ  cell 
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tumors.  Cyclin  D2  complexes  with  CDK4  or  CDK6  to  mediate  Gi/S  transition  and 
promote  cell  proliferation.  CCND2  was  up-regulated  in  cells  over-expressing  TSPY. 
Conversely,  CDKN2B  encodes  an  inhibitor  (INK4B)  of  cyclin  D2  activities  by  acting  on 
CDK4  and  CDK6.  It  is  down-regulated  in  the  same  cells.  Loss  of  INK4  kinase  inhibitors 
has  been  postulated  to  be  important  for  progression  from  carcinoma-in-situ  (CIS)  to 
invasive  germ  cell  tumors  (Bartkova  et  al.,  2000).  Significantly,  NANOSl  is  the 
homologue  of  the  Drosophila  nanos  gene  that  is  critical  for  development  and 
maintenance  of  germ  stem  cells  in  both  sexes.  It  is  expressed  in  the  spermatogonia  and 
spermatocytes  of  human  testis,  and  has  been  postulated  to  be  important  for  development 
of  germ  stem  cells  in  humans  (Jaruzelska  et  al.,  2003).  The  up-regulation  of  this  gene  is 
extremely  interesting  as  it  supports  the  role  of  TSPY  in  germ  stem  cell  biology. 

Studies  so  far  suggest  that  TSPX  is  expressed  in  normal  and  cancerous  somatic 
cells  (Chai  et  al.,  2001;  Eichmuller  et  al.,  2001;  Ozbun  et  al.,  2001;  Ozbun  et  al.,  2003; 
Ozbun  et  al.,  2005)  while  TSPY  is  expressed  primarily  in  germ  cells  (Zhang  et  al.,  1992; 
Schnieders  et  al.,  1996;  Lau  et  al.,  2000;  Honecker  et  al.,  2004)  and  tumors  of  male  origin 
(Lau  et  al.,  2003;  Gallagher  et  al.,  2005;  Yin  et  al.,  2005;  Hoei-Hansen  et  al.,  2006).  To 
determine  if  they  could  be  co-expressed  in  testicular  germ  cell  tumors  and  their  precursor 
CIS,  we  examined  the  expression  patterns  of  TSPY  and  TSPX  by  immunofluorescence 
analysis  of  10  cases  of  seminoma  and  4  cases  of  nonseminomas  consisting  of  yolk  sac 
tumors  and  embryonal  carcinomas,  some  of  which  also  harbored  adjacent  CIS.  TSPX  was 
not  expressed  in  any  of  these  germ  cell  tumors,  except  in  one  case  where  there  was 
significant  infiltration  of  lymphocytes  into  the  germ  cell 


TSPY  TSPX  Merged 


Figure  2.  TSPY  and  TSPX  are  differentially  expressed  in  a  case  of  human  seminoma.  Immunostaining 
shows  that  TSPY  and  TSPX  are  rarely  expressed  together  in  testicular  germ  cell  tumors.  In  a  rare  case  of 
seminoma  with  lymphocyte  infiltration  of  the  germ  cell  tumor  in  which  TSPY  (A  and  D,  green)  and  TSPX 
(DENTT)  (B  and  E,  red)  expression  were  detectable  by  immunofluorescence,  TSPY  was  primarily  located  on 
the  tumor  germ  cells  while  TSPX  was  detected  mainly  on  the  nuclei  of  the  infiltrating  lymphocytes.  They 
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did  not  show  any  significant  co-localization  of  their  respective  proteins  in  the  same  cells.  TSPY  monoclonal 
antibody  #7  (Kido  and  Lau,  2005)  and  DENTT  (TSPX)  polyclonal  antibody  (AbCam,  abl0318)  were  used 
for  immunofluorescence  analysis.  C  is  a  merged  image  of  A  and  B.  Boxed  areas  in  A,  B  and  C  are  enlarged 
in  D,  E,  and  F  respectively. 

tumor  (Figure  2).  TSPX  was  expressed  in  the  nuclei  of  the  lymphocytes  while  TSPY  was 
positive  in  the  tumor  germ  cells.  Such  mutual  exclusion  raises  the  possibility  that  the  cell 
cycle  functions  of  TSPY  and  TSPX  could  be  antagonistic  in  testicular  germ  cell  tumors. 

Organization  of  TSPY-Like  Genes  and  Proteins 

Currently  six  rSPT-like  genes  have  been  identified  in  the  genomes  of  humans 
and  several  species  of  mammals  (Table  1).  rSPT-Like  2  (TSPY-L2)  is  TSPX  and  is 
evolutionarily  conserved  on  the  X  chromosome  of  all  mammals,  except  cattle,  which 
harbors  a  highly  homologous  TSPY-L2  gene  on  chromosome  25.  All  other  rSPT-like 
genes  are  located  on  various  autosomes,  except  for  TSPY-L6  that  is  absent  in  the  rodents. 
These  genes  encode  proteins  of  slightly  different  sizes  that  harbor  a  SET/NAP  domain 
and  belong  to  a  cluster  of  orthologous  group  (COG)  of  proteins,  termed  DNA  replication 
factor/protein  phosphatase  inhibitor  SET/SPR-2  (KOG1508)  (Tatusov  et  al.,  1997; 
Tatusov  et  al.,  2003),  the  members  of  which  are  present  in  many  eukaryotes,  including 
mammals,  worms,  puffer  fish  and  fruit  flies.  The  TSPY  and  ri’ET-like  genes  constitute  a 
subfamily  of  this  COG.  Only  TSPY  and  TSPX  harbor  both  exons  and  introns  in  their 
respective  genes  (Figure  3A).  The  primordial  TSPY-L2  gene  could  have  derived  from  a 
common  ancestral  gene  with  SET/TAF-I(3  and  NAP-1  and  resided  on  a  pair  of 
chromosomes  that  evolved  into  the  proto-X  and  pro  to- Y  chromosomes  (Figure  4). 
During  the  evolution  of  the  sex  chromosomes,  TSPY  might  have  lost  the  N-terminal 

Table  1.  Chromosomal  location  of  TSPY /TSPY -like  and  SET  genes  among  various  mammals. 


Human  Chimpanzee  Mouse  Rat  Dog  Cattle 

(46, XY)  (48, XY) (40,XY)  (42,XY)  (78,XY)  (60,XY) 


TSPY-Ll 

6 

5 

10 

20 

12 
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TSPX/TSPY-L2 
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25* 

TSPY-L3 

20 
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24 

13 

TSPY-L4 
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12 

Scaffold* 

TSPY-L5 
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15 
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29 
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TSPY-L6 
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12 
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10 

11 

TSPY 
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Y 
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Y 

Y 

SET/TAF-ip 

9 

11 

2 

3 

9 

11 

TSPY-like  genes  are  identified  by  sequence  homology  analysis  with  respective  human/mouse  genes. 
Chromosome  mapping  was  performed  with  BEAT  analysis  of  available  genome  sequence  databases  of 
respective  mammals  at  http://www.genome.ucsc.edu/  (Kent,  2002;  Hinrichs  et  al.,  2006).  "^Scaffold, 
sequence  identified  but  not  mapped  on  to  any  chromosome.  *Provisional. 
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Figure  3.  Gene  organization,  protein  structure  and  homologous  domains  of  human  TSPY,  rSPF-like 
and  SETITAF-ip  genes.  A.  TSPY  and  TSPXITSPY-L2  are  the  only  two  genes  of  this  family  containing 
exons  interrupted  by  introns.  TSPY-Ll  and  TSPY-L3-6  are  single-exon  genes,  arose  from  possibly 
retrotransposition  of  TSPY  transcripts.  Numerous  LTRs,  LINEs  and  SINEs,  characteristics  of 


TSPY-like  genes 


retrotransposons,  are  present  in  their  flanking  sequences  (identified  by  the  web-based  program, 
RepeatMasker  developed  by  AFA  Smit,  R  Hubley  &  P  Green,  http://repeatmasker.org).  B.  Protein  structures 
of  TSPY  family.  All  members  of  the  TSPY  gene  family  encode  protein  products  that  are  highly  homologous 
at  their  carboxyl  portions  harboring  a  SET/NAP  domain.  The  N-terminal  portions  are  unique  to  the 
individual  members.  TSPX/TSPY-L2,  similar  to  SET/TAFip,  contains  an  additional  acidic  domain  at  its 
carboxyl  terminus.  The  number  of  amino  acids  for  each  protein  is  listed  immediately  after  the  carboxyl  end 
of  the  respective  protein.  C.  Protein  alignment  of  the  conserved  SET/NAP  domain  of  the  human  TSPY 
family  members.  The  numbers  at  the  top  correspond  to  the  residue  positions  of  the  human  TSPY  protein. 
Two  highly  conserved  regions  are  underlined.  The  accession  numbers  for  the  protein  sequences  are:  TSPY, 
NP_003299;  TSPY-Ll,  NM_003309;  TSPX/TSPY-L2,  AF254794;  TSPY-L3,  BC101556;  TSPY-L4, 
NM_021648;  TSPY-L5,  NM_033512;  TSPY-L6,  BC068576;  SET/TAE-ip,  M93651. 
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Figure  4.  Diagrammatic  illustration  of  probable  evolutionary  events  for  tbe  TSPY  and  TSPY-like 
genes.  The  primordial  TSPY-L2  gene  probably  shared  common  ancestral  gene  as  the  SET/TAF-I  and  NAP 
and  related  genes.  It  was  located  on  a  pair  of  proto-X  and  proto-Y  chromosomes  that  eventually  evolved  into 
the  present  day  X  and  Y  chromosome.  TSPX  had  maintained  the  structure  of  the  primordial  TSPY-L2  gene 
while  TSPY  had  lost  its  carboxyl  acidic  domain  before  it  was  amplified  on  the  Y  chromosome.  The 
autosomal  TSPY  like  genes  arose  from  retrotransposition  of  TSPY  transcripts  since  they  encode  proteins  with 
a  conserved  SET/NAP  domain,  but  lack  a  carboxyl  acidic  domain,  present  in  TSPX. 


proline-rich  and  C-terminal  acidic  domains  before  its  sequence  was  amplified  on  the  Y 
chromosome  while  the  TSPX/TSPY-L2  gene  had  maintained  structural  similarity  to  the 
common  ancestral  gene  into  the  present.  The  autosomal  TSPY-like  genes  have  a  single¬ 
exon  and  could  have  derived  from  TSPY  via  retrotransposition  events  as  their  encoded 
proteins  lack  the  carboxyl  acidic  domain  present  in  TSPX  (Figure  3B).  Indeed  numerous 
long  terminal  repeats  (LTR)  retrotransposons,  and  non-LTR  long  interspersed  nuclear 
elements  (LINEs)  and  short  interspersed  nuclear  elements  (SINEs)  transposon  sequences 
(Kazazian,  2004;  Ohshima  and  Okada,  2005)  are  scattered  around  the  flanking  regions  of 
the  respective  TSPY-like  genes  (Eigure  3 A),  supporting  the  postulation  that  they  were 
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derived  from  retrotransposition  of  transcripts  originating  from  this  Y  chromosome  gene. 
Alternatively,  these  r5'/’y-like  genes  could  have  derived  from  duplication  of  the  initial 
retro transposon,  resulting  in  multiple  single-exon  genes  on  the  autosomes.  Except  for 
TSPX/TSPY-L2,  all  TSPY-\i\&  genes  encode  proteins  that  are  highly  conserved  at  their 
carboxyl  termini,  but  variable  at  their  N-termini  (Figure  3B).  Alignment  of  their  protein 
sequences  suggests  that  homologies  are  present  only  at  the  160-residue  SET/NAP  domain 
and  the  short  flanking  regions  (Figure  3C).  The  conservation  of  this  domain  among  the 
TSPY  and  TSPY-likes  proteins  suggests  that  it  must  have  an  important  role(s)  in  the 
biological  functions  of  this  protein  subfamily.  Specific  mutations  of  the  TSPY-Ll  gene  on 
chromosome  6  have  been  identified  with  the  sudden  infant  death  with  dysgenesis  of  the 
testes  (SIDDT)  syndrome  (Puffenberger  et  al.,  2004).  Notably,  one  frameshift  mutation 
truncates  the  coding  sequence  for  the  SET/NAP  domain  from  its  open  reading  frame.  The 
mutated  protein  is  incapable  of  translocation  to  the  nuclei  and  might  contribute  to  the 
disease  process.  Further  studies  demonstrate  that  TSPY-Ll  interacts  with  the  ZFP106  at 
its  SET/NAP  domain  and  N-terminal  flanking  region,  important  for  such  nuclear 
translocation  and  formation  of  nuclear  bodies  of  undefined  function(s)  (Grasberger  and 
Bell,  2005).  Currently  the  exact  functions  of  TSPY  and  TSPY-like  genes  are  uncertain. 
As  discussed  above,  TSPY  and  TSPX  possess  contrasting  functions  in  cell  cycle 
regulation  that  have  been  attributed  to  the  absence  and  presence  of  an  acidic  domain  at 
their  respective  carboxyl  termini.  Hence,  the  unique  portions,  flanking  the  conserved 
SET/NAP  domain,  of  the  TSPY  and  TSPY-like  proteins  could  be  responsible  for 
specifying  the  distinct  functions  of  the  respective  members  of  the  protein  family. 

Expression  of  TSPY  and  TSPE-Like  Genes  in  the  Mouse 

To  explore  the  possible  functions  of  TSPY  and  TSPY-like  genes,  we  have 
conducted  a  preliminary  study  on  the  expression  patterns  of  members  of  this  gene 
subfamily  in  adult  mice  using  specific  primer  sets  and  reverse-transcription  and 
polymerase  chain  reaction  technique  (Table  2).  The  expression  patterns  for  Tspy,  Tspx, 
Tspy-Ll  and  L4  are  relatively  ubiquitous  in  many  tissues  while  Tspy-L3  and  L5  show 
some  tissue-specificity.  The  detection  of  transcripts  from  the  Tspy  gene  is  somewhat 
different  in  other  species,  including  humans,  in  which  the  expression  of  this  Y-located 
gene  is  restricted  to  the  testis  (Zhang  et  al.,  1992;  Schnieders  et  al.,  1996;  Vogel  et  al., 
1997).  Previous  studies  suggested  that  the  mouse  Tspy  is  nonfunctional  due  to  presence 
of  stop  codons  in  its  open  reading  frame  (Mazeyrat  and  Mitchell,  1998;  Vogel  et  al., 
1998a).  If  Tspy  serves  an  important  role(s)  in  the  physiology  of  the  testis,  one  of  the 
Tspy-like  genes  could  potentially  substitute  for  its  function  in  the  mouse  testis.  Analysis 
of  developmental  testes  at  various  ages  after  birth  shows  that  the  expression  patterns  of 
both  Tspy  and  Tspy-L5  seem  to  increase  with  ages  while  those  for  Tspy-Ll  and  L3 
decrease  in  the  same  intervals  (Figure  5).  Both  Tspx  and  Tspy-L4  show  ubiquitous 
expression  patterns  throughout  these  developmental  stages.  The  expression  of  Tspy-like 
genes  in  the  testis  suggests  that  they  could  potentially  play  some  roles  in  the  physiology 
of  this  organ. 
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Table  2.  Expression  of  Tspy  and  Tspy-L  genes  in  adult  mouse  tissues 


seminal 


brain 

thymus 

heart 

liver 

spleen 

vesicle  prostate 

testis 

ovary 

Tspx/Tspy-L2 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

Tspy* 

+ 

+ 

+ 

+ 

+ 

- 

+ 

- 

Tspy-Ll 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

Tspy-L3 

+ 

+ 

- 

- 

+ 

- 

+ 

+ 

Tspy-L4 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

Tspy-L5 

+ 

- 

+ 

- 

- 

- 

+ 

+ 

*  Pseudogene  with  in-frame  stop  codons.  +,  detectable;  undetectable  by  RT-PCR 


Despite  their  differential  expression,  their  exact  functions  will  need  to  be  defined  by  other 
experimental  means,  such  disease  linkage  analysis,  as  in  SIDDT  syndrome,  and  gene 
knockout  studies. 


testis 

8  16  24  32  40  Ov 

Tspy -LI 
Tspx/Tspy-L2 
Tspy-L3 
Tspy-L4 
Tspy-L5 
Tspy 

n  ..  I+RT 
pactin  I 

I  -RT 

Figure  5.  Expression  of  Tspy  and  Tspy-like  gene  in  mouse  developing  testes  and  adult  ovary.  RT-PCR 
analysis  with  specific  primers  for  respective  members  of  the  Tspy  gene  family  were  performed  with  total 
RNAs  purified  from  testes  of  postnatal  mice  at  8,  16,  24,  32  days  after  birth  and  adult  ovaries.  P-actin  was 
used  as  a  reference. 
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Abstract 


Testis-specific  protein  Y-encoded  (TSPY)  is  the  putative  gene  for  the  gonadoblastoma  locus  on 
the  Y  chromosome  (GBY).  TSPY  is  expressed  in  normal  germ  cells  of  fetal  and  adult  testis  and 
ectopically  in  tumor  germ  cells,  including  gonadoblastoma  in  intersex  patients,  testicular  germ 
cell  tumors,  prostate  cancer,  and  other  somatic  cancers.  As  in  other  members  of  the 
TSPY/SET/NAPl  superfamily,  it  harbors  the  highly  conserved  SET/NAP  domain.  To  explore 
its  possible  functions  in  tumorigenesis,  we  performed  a  yeast  two-hybrid  screen  of  a  fetal 
gonadal  cDNA  library  and  identified  the  translation  elongation  factor  eEEl  A  as  a  binding  partner 
for  TSPY  at  its  SET/NAP  domain.  TSPY  and  eEEl  A  colocalized  in  the  cytoplasm  of  and  were 
coimmunoprecipitated  from  transfected  COS7  cells.  Immunostaining  studies  demonstrated  that 
TSPY  and  eEEl  A  were  highly  expressed  and  colocalized  in  tumor  germ  cells  of  human 
seminoma  specimens,  suggesting  their  possible  interaction  in  germ  cell  tumors.  Significantly, 
overexpression  of  eEEl  A  stimulated  the  expression  of  a  reporter  gene  in  HEK293  cells,  which 
was  exacerbated  in  the  presence  of  TSPY.  As  human  EEFlAl  and  EEE1A2  genes  are  possible 
oncogenes  in  various  cancers,  our  results  suggest  that  TSPY  may  have  significant  effects  on 
protein  synthesis  and,  by  interacting  with  these  putative  oncoproteins,  may  exacerbate  eEElA- 
associated  tumorigenesis. 
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Introduction 


The  human  testis-specific  protein  Y-encoded  (TSPY)  gene  was  initially  identified  as  a 
testis-specific  gene  repeated  in  tandem  on  the  short  arm  of  the  human  Y  chromosome  (1,2). 
TSPY  is  normally  expressed  in  fetal  primordial  germ  cells/gonocytes  and  adult  spermatogonia 
and  spermatids.  It  has  been  postulated  to  perform  vital  functions  in  male  germ  cell  development 
and  spermatogenesis  (1,  3-5).  The  TSPY  gene  cluster  has  been  mapped  to  the  critical  region 
harboring  the  gonadoblastoma  locus  on  the  human  Y  chromosome  (GBY),  which  harbors  genes 
predisposing  the  dysgenetic  gonads  of  sex-reversed  female  and  intersex  patients  to  develop 
gonadoblastoma  (6-8).  Various  studies  suggest  that  TSPY  is  the  putative  gene  for  GBY.  TSPY 
is  expressed  abundantly  in  gonadoblastoma,  and  numerous  types  of  testicular  germ  cell  tumors, 
including  the  premalignant  precursor,  carcinoma  in  j’/tw/intratubular  germ  cell  neoplasia 
undifferentiated  (CIS/ITGCNU),  seminomas,  and  extragonadal  intracranial  germ  cell  tumors  of 
male  origin  (9- 11).  Its  expression  is  tightly  associated  with  those  of  key  germ  cell  tumor 
markers,  such  as  c-KIT  and  OCT3/4  (9-11).  TSPY  is  also  highly  expressed  in  various  somatic 
cancers,  including  prostate  cancer,  hepatocellular  carcinoma,  and  melanoma  (5,  12-16). 
Interestingly,  transgenic  mice  harboring  a  modular  transgene  directed  by  a  TSPY  promoter 
expressed  their  transgene  in  germ  cell  lineages  of  both  sexes  (3),  suggesting  that  ectopic 
expression  of  TSPY  may  contribute  to  tumorigenesis  of  gonadoblastoma  in  an 
ovarian/dysgenetic  gonadal  environment.  Overexpression  of  TSPY  in  cultured  cells  accelerated 
cell  proliferation  and  tumorigenicity  in  athymic  mice  (17).  Currently,  the  exact  mechanisms  of 
its  postulated  oncogenic  or  tumor-promoting  properties  are  still  unclear. 

TSPY  shares  significant  homology  with  the  leukemia  patient  SE  translocation  (SET)  or 
template  activating  factor  ip  (TAF-ip)  oncoprotein  and  is  a  founding  member  of  the 
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TSPY/SET/NAP-1  family  (18-20).  Members  of  this  gene  family  encode  proteins  that  harbor  a 
highly  conserved  SET/NAP  domain,  present  in  SET/TAE-ip  (hereafter  referred  to  as  SET)  and 
the  nucleosome  assembly  protein  (NAP),  and  have  been  demonstrated  to  perform  various 
cellular  functions  in  regulating  gene  expression,  cell  cycle  progression,  and/or  differentiation 
(17,  18,  21-23).  In  particular,  proteins  of  the  SET/NAP  domain  have  been  demonstrated  to  be 
histone  chaperones  and  could  interact  with  various  transcription  cofactors  in  mediating  their 
respective  functions.  SET  is  a  subunit  of  the  inhibitor  of  histone  acetyltransferases  (INHAT) 
complex  that  masks  histones  from  acetylation  (23).  SET  regulates  transcription  by  interacting 
with  transcription  factors  and  coregulators,  such  as  COUP-TE,  SF-1,  and  CREB-binding  protein 
(24,  25).  Another  member,  CINAP  (also  known  as  DENTT,  TSPY-like2,  and  TSPX)  interacts 
with  CASK,  which  is  a  coactivator  of  the  transcription  factor  Tbr-1  (26).  Hence, 
TSPY/SET/NAP-1  family  members  could  act  as  scaffolds  for  transcription  regulators  (18). 
Although  TSPY  shares  significant  homology  at  the  SET/NAP  domain  with  members  of  this 
protein  family,  it  lacks  the  loosely  conserved  acidic  C-terminal  domain  that  is  present  among 
other  members  (18).  Further,  SET  and  CINAP/  TSPX  are  preferentially  located  in  the  nucleus; 
TSPY  is  located  in  both  the  nucleus  and  cytoplasm  (3,  10,  17).  Therefore,  TSPY  may  perform 
additional  functions  in  the  cytoplasm  apart  from  the  nuclear  functions  prescribed  for  SET  and 
CINAP/TSPX. 

To  gain  insights  into  possible  functions  of  TSPY,  we  have  performed  an  interactive 
cloning  study  to  identify  its  binding  partners  using  the  yeast  two-hybrid  strategy.  Eukaryotic 
elongation  factor  1  alpha  (cEFlA)  has  been  identified  consistently  as  an  interactive  partner  for 
TSPY  and  is  an  essential  component  for  the  elongation  phase  during  protein  translation.  Its 
protein  sequence  is  highly  conserved  among  eukaryotic  species  ranging  from  yeast  to  human.  It 
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binds  directly  to  aminoacyl  tRNA  (aa-tRNA)  in  a  GTP-dependent  manner  and  brings  the  aa- 
tRNA  to  the  A  site  of  the  ribosome  (27).  There  are  two  eEFlA  isoforms  encoded  by  two 
individual  genes,  EEFlAl  and  EEE1A2,  located  on  human  chromosome  6q  and  chromosome 
20q,  respectively.  These  isoforms  share  more  than  90%  sequence  identity  at  the  protein  level 
and  could  serve  essentially  the  same  or  similar  functions  in  protein  synthesis  (28).  Importantly, 
both  EEEIA  genes  have  been  postulated  as  oncogenes  involved  in  various  types  of  cancer  (27). 
EEE1A2  is  amplified  in  25%  of  primary  ovarian  tumors  and  is  expressed  abundantly  in  breast 
cancer  and  lung  adenocarcinoma,  suggesting  that  it  could  play  an  important  role  in  oncogenesis 
in  these  types  of  cancers  (29-32).  NIH3T3  cells  overexpressing  the  eEFlA2  gene  are 
tumorigenic  in  nude  mice,  thereby  confirming  its  potential  oncogenic  roles  in  human  cancers 
(33).  As  eEFlAl  and  eEFlA2  are  highly  conserved,  eEFlAl  could  possess  oncogenic  functions 
similar  to  those  of  eEFlA2.  Indeed,  mouse  eEFIAI  has  been  identified  as  a  factor  capable  of 
increasing  the  susceptibility  of  transformation  in  mouse  fibroblasts  by  chemical  and  physical 
induction  (27,  34). 

Our  results  showed  that  TSPY  and  eEFl  A  were  colocalized  in  the  same  subcellular 
compartments  and  coimmunoprecipitated  from  transfected  mammalian  cells.  Immunostaining 
analysis  showed  that  TSPY  and  eEFlA  were  coexpressed  and  colocalized  in  the  same  tumor 
germ  cells  in  human  seminoma  samples.  TSPY  enhanced  the  expression  of  a  reporter  in 
HEK293  cells  in  a  dose-dependent  manner.  These  observations  suggest  that  TSPY  may 
exacerbate  oncogenic  events  associated  with  eEFlA  oncogenic  actions,  thereby  promoting 
tumorigenesis. 
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Materials  and  Methods 


Gene  constructs.  The  cDNAs  encoding  for  TSPY[full-length],  TSPY[residues  76-150], 
TSPY[residues  151-308],  TSPY[residues  151-229],  TSPY[residues  190-269],  TSPY[residues 
230-308],  TSPY-likel [full-length],  rat  Tspy [residues  185-334],  CINAP[residues  198-338],  and 
SET[residues  74-223]  were  generated  hy  polymerase  chain  reaction  (PCR)  with  specific  primers 
using  appropriate  full-length  cDNA  plasmids  as  templates  (Supplemental  Table  1).  The  cDNAs 
encoding  eEFl A 1  [full-length],  eEElA2 [full-length],  and  eEElA2 [residues  305-464]  were 
generated  by  reverse-transcript  PCR  (RT-PCR,  Super-Script  II ,  Invitrogen,  Carlsbad,  CA)  or 
PCR  using  mouse  brain  mRNAs.  The  respective  cDNA  subclones  were  ligated  into  the  pGEM- 
T  easy  cloning  vector  (Promega,  Madison,  WI),  and  were  verified  by  DNA  sequencing. 

The  pGBKT7  and  pGADT7  yeast  expression  vectors  were  purchased  from  Clontech 
Eaboratory  (Mountain  View,  CA).  pGBKT7-TSPY[  15 1-308],  pGBKT7-TSPY-likel [full- 
length],  pGBKT7-CINAP[198-338],  pGBKT7-SET[74-223],  and  pGBKT7-rat  Tspy[185-334] 
were  constructed  by  inserting  the  respective  cDNAs  in-frame  into  the  GAL4  DNA-binding 
domain.  The  fetal  gonadal  cDNA  library  was  constructed  in  the  yeast  expression  vector, 
pGADT7,  with  RNAs  (gonad-mesonephros  complexes)  derived  from  El  1.5  mouse  embryos  as 
described  previously  (35).  Eor  glutathione  S-transferase  (GST)-fusion  protein  expression, 
cDNAs  encoding  TSPY[full-length],  TSPY[  15 1-229],  TSPY[  190-269],  TSPY[230-308], 
CINAP[198-338],  or  SET[74-223]  were  ligated  into  pGEX-4T3  vector  (GE  Healthcare  Bio- 
Sciences  Corp.,  Piscataway,  NJ)  or  pET41a(-i-)  vector  (Novagen,  Madison,  WI). 

The  N-terminal  FEAG  epitope-tagged  eEFlAl  (pFLAG-eEFlAl)  was  constructed  by 
inserting  the  eEFlAl  cDNA  into  the  p3XFEAG-CMV-7  vector  (Sigma-Aldrich,  St.  Eouis,  MO). 
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The  C-terminal  V5  epitope-tagged  eEFlA2  variants  (pcDNA-eEFlA2  [full-length] -V5  and 
pcDNA-eEFlA2[305-463]-V5)  were  constructed  by  subcloning  the  appropriate  eEFlA2  cDNAs 
with  the  pcDNA3.1A^5-His  vector  (Invitrogen).  The  TSPY  cDNA  was  inserted  into  the  pCS2- 
plus  vector  (36,  37),  designated  as  pCS-TSPY,  for  TSPY  expression  in  mammalian  cells.  The  N- 
terminal  FLAG  epitope-tagged  TSPY[76-150]  (pFLAG-TSPY[76-150])  was  constructed  by 
inserting  in-frame  the  TSPY[76-150]  cDNA  into  the p3XFLAG-CMV-7  vector.  For  the  human 
eEFlAl  expression  vector pCS-hEEFlAl,  the  human  eEFlAl  cDNA  was  excised  from 
I.M.A.G.E.  clone  (number  5585079;  ATCC,  Manassas,  VA)  using  Notl  and  Sail  and  inserted 
into  the  pCS2-plus  vector,  as  above. 

Yeast  two-hybrid  screening.  A  human  TSPY  cDNA  fragment  encoding  the  SET/NAP  domain 
(residues  151-308)  was  subcloned  in-frame  into  pGBKT7  (pGBKT7-TSPY[151-308])  and  was 
expressed  as  a  fusion  protein  with  the  GAL4  DNA-binding  domain.  Screening  of  the  mouse 
embryo  gonadal  cDNA  library  was  performed  as  previously  described  (35).  Briefly,  the  bait 
construct  pGBKT7-TSPY[15 1-308]  was  transformed  into  yeast  strain  Y187  containing  mating- 
type  a  capable  of  mating  with  library  strain  AH  109.  After  mating,  yeast  cells  were  plated  on  QD 
selective  media  (synthetic  drop-out  media,  ALeu,  Trp,  Ade,  His)  on  which  yeast  cells  harboring 
specific  cDNA  coding  for  an  interactive  protein  with  TSPY[  15 1-308]  would  survive.  Selected 
colonies  were  further  tested  for  a-galactosidase  activity  on  QD/a-galactosidase  plates.  Colonies 
showing  strong  a-galactosidase  activity  (blue)  were  further  analyzed. 

Inserts  from  selected  positive  colonies  were  amplified  and  propagated  in  a  bacterial  host 
(Escherichia  coli  DH5a,  Invitrogen).  They  were  retransformed  into  AH  109  with  either 
pGBKT7-TSPY[151-308]  or  pGBKT7  vector  and  plated  on  QD/a-galactosidase  plates  to 
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confirm  the  interaction  among  these  molecules.  The  interactions  with  other  TSPY/SET/NAPl 
family  proteins  were  similarly  tested  using  pGBKT7-TSPY-likel[full-length],  pGBKT7- 
CINAP[198-338],  pGBKT7-SET[74-223],  and  pGBKT7-rat  Tspy[185-334]. 

GST-pulldown  assay.  GST-TSPY[full-length],  GST-TSPY[  15 1-229],  GST-TSPY[  190-269], 
GST-TSPY[230-308],  GST-CINAP[198-338],  and  GST-SET[74-223]  were  expressed  in 
bacterial  host  BE21(DE3)pLysS  (Novagen)  by  induction  with  1  mM  isopropyl-E-thio-P-D- 
galactopyranoside  (IPTG),  and  were  purified  with  glutathione  Sepharose  4B  beads  (GE 
Healthcare,  Chalfont  St.  Giles,  Buckinghamshire,  United  Kingdom)  according  to  the 
manufacturer’s  instructions.  The  expression  vectors  for  the  C-terminal  region  of  eEElA 
isoforms,  pGADT7-eEElAl [305-462]  and  pcDNA-eEElA2[305-463]-V5,  were  synthesized  by 
in  vitro  transcription  and  translation  system  (TNT  T7  Quick  Coupled  Transcription/Translation 
System,  Promega)  in  the  presence  of  1  pCi/25  pi  of  ^^S-Met  according  to  the  manufacturer’s 
instructions.  Approximately  10  pg  glutathione  Sepharose-linked  GST  or  GST-fusion  protein 
was  incubated  with  the  ^^S-labeled  TNT-product  (10  pi  of  reacted  solution)  in  200  pi  of  GST 
binding  buffer  (PBS,  0.1%  NP-40,  5  mM  dithiothreitol  and  protease  inhibitors  cocktail  [Roche, 
Indianapolis,  IN])  with  rotation  overnight  at  4‘’C.  The  beads  were  then  washed  for  I  hour  at  4°C 
in  500  pE  of  GST  binding  buffer.  Bound  proteins  were  analyzed  by  SDS-PAGE  and  detected 
with  autoradiography. 

Coimmunoprecipitation.  COS7  cells  were  maintained  in  Dulbecco  modified  Eagle  medium 
(DMEM)  supplemented  with  10%  fetal  bovine  serum  (HyClone,  Eogan,  UT).  The  TSPY  and 
EEAG-tagged  eEElAl  expression  vectors,  pCS2-TSPY  (3  pg)  and/or  pEEAG-eEElAl  (1  pg). 
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were  cotransfected  into  COS7  cells  using  FuGENE6  (Roche).  Appropriate  empty  vectors  were 
used  as  control.  The  cells  were  harvested  48  hours  after  transfection,  washed  with  PBS,  and 
lysed  with  the  2.4  ml  coIP-buffer  (20  mM  Tris-HCl  [pH  6.5],  300  mM  NaCl,  20%  glycerol,  1% 
NP-40)  supplemented  with  a  protease  inhibitors  cocktail  (cOmplete  Mini,  Roche).  Eysates  (750 
pE)  were  precipitated  with  25  pL  agarose  conjugated  with  anti-EEAG  mouse  immunoglobulin 
(Ig)G  (M2,  Sigma- Aldrich)  at  4°C  overnight.  The  immunoprecipitate  was  washed  with  coIP- 
buffer  for  1  hour  at  4°C  and  subjected  to  SDS-PAGE.  Western  blot  analysis  was  performed  as 
described  previously  (38)  using  anti-EEAG  rabbit  IgG  (1:600,  Sigma- Aldrich)  and  anti-TSPY 
rabbit  serum  (1:600)  raised  against  full-length  recombinant  TSPY  protein. 
Coimmunoprecipitation  for  EEAG-tagged  TSPY[76-150]  and  full-length  TSPY  was  performed 
similarly  to  the  method  described  above,  using  p3XFLAG-TSPY[76-150]  and  pCS-TSPY. 

Immunohistochemistry.  COS7  cells  were  seeded  24  hours  before  transfection  on  four-well 
chamber  slide  (Nalge  Nunc  International,  Rochester,  NY),  and  the  epitope-tagged  eEElA 
expression  vectors,  pELAG-eEElAl  (0.  25  pg)  or  pcDNA-eEPlA2-V5  (0.25  pg),  were  co¬ 
transfected  with  pCS-TSPY  using  PuGENE6.  Two  days  after  the  transfection,  the  cells  were 
fixed  by  3.7%  formaldehyde  in  PBS  for  5  minutes,  and  then  permeabilized  by  100%  methanol 
for  5  minutes.  After  wash  by  PBS,  chamber  slides  were  blocked  for  1  hour  in  3%  bovine  serum 
albumin  (BSA)  in  PBS,  and  then  processed  for  immunofluorescence  with  anti-TSPY  rabbit 
serum  (1:400),  anti-EEAG  mouse  IgG  (1:400,  Sigma-Aldrich),  and  anti-V5  mouse  IgG  (1:200, 
Invitrogen).  The  immunoreactive  signals  were  detected  by  Alexa  Eluor  586  (red)-conjugated 
anti-mouse  IgG  and  Alexa  Eluor  488  (green)-conjugated  anti-rabbit  IgG  (Molecular 
Probes/Invitrogen,  Carlsbad,  CA).  Eluorescence  was  examined  with  an  Axiophoto  fluorescence 
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microscope  (Carl  Zeiss  Microimaging,  Inc.,  Thomwood,  NY)  and  recorded  by  a  LEI-750  digital 
imaging  system  (Leica  Microsystems  Inc.,  Bannockburn,  IL). 

Human  testis  and  seminoma  samples  were  obtained  from  archival  specimens  from  the 
Anatomic  Pathology  Section,  VA  Medical  Center,  San  Francisco  (1 1).  Immunofluorescence  of 
tissue  sections  was  performed  and  analyzed  as  described  previously  (38).  For  the 
immunohistological  analysis  of  TSPY,  anti-TSPY  mouse  monoclonal  antibody  (clone  7)  (3)  was 
used.  The  immunoreactive  sites  were  detected  with  the  SuperPicTure  Polymer  Detection  kit 
(ZYMED/Invitrogen,  Carlsbad,  CA)  and  3,3’-Diaminobenzidine  (DAB)  as  chromogene, 
resulting  in  brown  staining.  Sections  were  counterstained  with  hematoxylin  to  visualize  nuclei 
(Fisher  Scientific,  Hampton,  NH).  The  human  study  was  performed  under  an  exempt  protocol 
approved  by  the  Institutional  Committee  on  Human  Research,  VA  Medical  Center,  San 
Francisco. 

Lucif erase  assays.  HEK293  cells  were  maintained  in  DMEM  supplemented  with  10%  fetal 
bovine  serum  (HyClone).  Cells  were  seeded  at  4  xlO"^  cells  per  well  on  24-well  plate  (Nalge 
Nunc  International).  The  cells  were  transfected  with  5  ng/well  of  pRL-TK  (Promega)  and 
various  amounts  of  pCS-TSPY  and/or  pCS-hEEFlAl  plasmids  using  siPORT  XP-1  transfection 
reagent  (Ambion,  Austin,  TX).  Forty-eight  hours  later,  cell  were  washed  with  500  pi  PBS, 
harvested  in  100  pi  of  reporter  lysis  buffer  (Promega),  and  stored  as  complete  cell  lysis  at  -80°C. 
The  luciferase  activities  were  measured  using  the  Dual-Luciferase  Reporter  Assay  System 
(Promega)  and  TD-20/20  luminometer  (Turner  Biosystems,  Sunnyvale,  CA)  according  to  the 
manufacturers’  instructions. 
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Results 


Identification  of  the  eukaryotic  eEFlAl  as  an  interactive  partner  for  TSPY.  To  elucidate 
the  molecular  mechanisms  responsible  for  TSPY  functions,  we  have  performed  a  yeast  two- 
hybrid  screen  of  a  mouse  fetal  gonadal  cDNA  library  using  the  TSPY  SET/NAP  domain  as  bait. 
Forty  clones  of  130  well-grown  blue  colonies  were  randomly  selected  for  DNA  sequencing.  One 
of  these  clones  encodes  the  C-terminus  region  (residues  305-462)  of  eEFlAl.  Further  analysis 
of  all  130  colonies  by  PCR  showed  that  four  of  130  harbored  eEFlAl  cDNA.  AH109  yeast  cells 
transformed  with  either  pGBKT7-TSPY[151-308]  or  pGADT7  full-length  eEFlAl  showed 
negative  growth  on  selection  medium  (data  not  shown).  eEFlAl  is  one  of  two  isoforms 
(eEFlAl  and  eEFlA2)  of  cEFlA.  eEFlAl  is  ubiquitously  expressed,  while  eEFlA2  is 
differentially  expressed,  primarily  in  the  postnatal  stages  (39).  eEFl  As  are  mostly  localized  in 
the  cytoplasm  and  are  important  in  the  recruitment  of  aa-tRNA  in  protein  synthesis  and  nuclear 
export  (40,  41). 

As  the  SET/NAP  domain  of  TSPY  shares  significant  homology  with  those  of  other 
proteins  of  the  TSPY/SET/NAPl  family  (Fig.  lA),  we  further  explored  possible  interactions 
between  eEFlAl [305-462]  and  other  TSPY/SET/NAPl  family  members,  such  as  TSPY-likel, 
CINAP/TSPX,  SET  and  rat  Tspy  using  the  yeast  two-hybrid  strategy.  Our  results  showed  that 
only  the  human  TSPY[151-308]  and  rat  Tspy[185-334]  interacted  with  eEFlAl [305-462]  in 
yeast  (Fig.  15). 

In  vitro  mapping  of  the  interactive  domains  between  TSPY  and  eEFlAs.  In  vitro  GST 
pulldown  assays  were  used  to  confirm  the  interaction  between  TSPY  and  eEFlA  and  to  delineate 
the  respective  interactive  domains.  An  interaction  was  observed  between  eEFlAl [305-462]  and 
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GST-TSPY[full-length],  but  not  with  GST  alone  (Fig.  25).  To  map  the  interactive  domains  of 
TSPY  responsible  for  its  eEFlAl  binding,  a  series  of  GST-TSPY  truncated  mutants,  TSPY[151- 
229],  GST-TSPY[190-269]  and  GST-TSPY[230-308],  were  generated  and  used  as  bait  in 
respective  pulldown  assays  with  ^^S-labeled  eEFlAl  [305-462].  Both  GST-TSPY[  190-229]  and 
GST-TSPY[230-308],  which  contain  highly  conserved  sequences  with  other  TSPY/SET/NAPl 
family  (Eig.  lA),  could  bind  eEFlAl  [305-462]  effectively  (Fig.  2C,  lanes  3  and  5  in  top).  TSPY 
mutants  lacking  either  region  [151-189]  or  [270-308]  showed  no  or  faint  binding  to 
eEFlAl [305-462]  (Fig.  2C,  lane  4  at  top). 

The  analogues  eEFlAl  and  eEFlA2  share  >90%  identity  and  have  essentially  the  same 
function  in  protein  translation  (28).  To  explore  the  possibility  of  an  interaction  between  TSPY 
and  eEFlA2,  the  eEFlA2[305-463]  expression  vector  pcDNA-eEFlA2[305-463]-V5  was 
generated,  translated  in  vitro  with  S-methionine,  and  used  similarly  in  the  GST  pulldown 
assays  with  a  series  of  GST-TSPY  mutants,  as  described  above.  The  results  showed  that 
eEFlA2[305-463]  is  capable  of  binding  to  TSPY  at  domains  as  specific  as  those  for  the  eEFlAl 
(Fig.  2C,  lanes  3  and  5  at  bottom),  as  summarized  in  Fig.  2D. 

Although  eEFlAl  did  not  show  significant  in  vivo  binding  to  the  conserved  SET/NAP 
domains  of  other  members  of  the  TSPY/SET/NAP  family,  we  explored  the  possibility  that  they 
might  interact  in  vitro  in  GST  pulldown  assays.  Our  results  showed  that  GST-SET[74-223]  (Fig. 
2C,  lane  7)  and  GST-CINAP[198-338]  (Fig.  1C,  lane  6)  bound  readily  with  eEFlAl [305-462]. 
Our  observation  is  consistent  with  those  described  in  a  recent  report  on  SET-binding  proteins 
analyzed  by  proteomics  strategies  (42).  Currently,  we  are  uncertain  of  these  differences  between 
in  vivo  yeast  two-hybrid  and  in  vitro  GST  pulldown  approaches  on  the  interactions  between 
eEElAl  and  SET/CINAP.  Interestingly,  both  CINAP/TSPX  and  SET  are  localized  in  the  nuclei. 
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whereas  eEFl  A  is  restrieted  to  the  eytoplasm.  Further  eellular  and  physiologieal  analyses  will 
be  required  to  elucidate  the  significance,  if  any,  of  the  interaction  among  these  molecules. 

TSPY  colocalizates  and  interacts  with  eEFlA  and  forms  homodimers  in  mammalian  cells. 

To  confirm  the  interaction  between  TSPY  and  eEFl  A  in  mammalian  cells,  immunofluorescence 
was  performed  on  COS7  cells  transfected  with  TSPY  and  FFAG-eEFlAl  or  eEFlA2-V5 
expression  vectors.  eEFlAs  exhibited  mostly  cytoplasmic  staining  (Fig.  3A  and  35,  FFAG- 
eEFlAl  or  eEFlA2-V5,  respectively)  while  TSPY  was  localized  in  both  the  nucleus  and 
cytoplasm.  The  cytoplasmic  TSPY  exhibited  an  almost  identical  staining  pattern  with  both 
eEFlAs  (Fig.  3A  and  35,  TSPY),  as  revealed  on  merged  images  of  TSPY  and  eEFl  As  (Fig.  3A 
and  35,  yellow  dots  in  the  merged  images).  To  confirm  their  interactions  in  the  transfected  cells, 
total  cell  lysates  were  coimmunoprecipitated  with  an  anti-FFAG  antibody.  The  precipitates  were 
then  analyzed  by  Western  blot  using  anti-TSPY  antibody.  The  result  showed  that  TSPY  was 
pulled  down  with  FFAG-eEFl Al,  but  not  in  the  absence  of  FFAG-eEFlAl  (Fig.  3C),  thereby 
confirming  an  interaction  between  TSPY  and  eEFlA  in  transfected  COS7  cells. 

Recently,  the  atomic  structure  of  the  functional  domain  of  the  human  SET  protein  was 
elucidated  (43).  The  SET  protein  forms  homodimers  through  their  a2-helices  located  on  the  N- 
terminal  region  (43).  Using  the  web-based  Protein  Homology/analogy  Recognition  Engine 
(Phyre)  program  (http://www.sbg.bio.ic.ac.uk/phvre/html/index.html)  (44),  we  analyzed  the 
TSPY  structure  using  the  SET  atomic  structure  as  a  model.  Our  analysis  identified  two  long  a- 
helices  (al  and  a2)  at  residues  52-95  and  105-141  of  TSPY,  analogous  to  those  of 
SET  (Supplemental  Figure  SI).  To  explore  the  possibility  that  TSPY  could  indeed  form 
homodimers,  the  interaction  between  the  full-length  TSPY  and  an  abbreviated  form,  FFAG- 
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TSPY[76-150],  was  examined  by  coimmunoprecipitation,  similarly  to  the  method  described 
above.  Our  results  showed  that  the  full-length  TSPY  was  pulled  down  with  FLAG-TSPY[76- 
150]  (Fig.  3D),  suggesting  that  TSPY  could  form  homodimers  through  its  N-terminal  domain. 

TSPY  and  eEFlA  are  coexpressed  in  testicular  germ  cells  and  germ  cell  tumors.  TSPY  is 
the  putative  gene  for  GBY  and  is  abundantly  expressed  in  both  premalignant  precursors  and 
tumor  cells  in  gonadoblastoma  and  seminomas.  As  both  EEFlAl  and  EEF1A2  are  postulated  to 
be  oncogenes  (27,  29,  30,  32,  33),  we  have  explored  the  possibility  that  they  are  also  expressed 
in  germ  cell  tumors  using  immunological  approaches  and  anti-TSPY  and  anti-eEFlA  antibodies. 
In  normal  testis,  TSPY  was  detected  in  a  germ  cell-specific  manner,  as  we  reported  previously 
(Pig.  4A  and  4B,  TSPY)  (3).  eEFlA  was  preferentially  expressed  in  germ  cells,  as  compared  to 
the  surrounding  peritubular  myoid  cells  (Pig.  4A  and  4B,  eEPlA).  TSPY  was  distributed  in  both 
the  nuclei  and  cytoplasm  of  germ  cells,  while  ePFlA  was  detected  in  the  cytoplasm,  which  is 
similar  to  their  respective  distribution  in  transfected  COS7  cells.  Under  high  magnification, 
TSPY  and  ePFlA  exhibited  colocalization  in  the  cytoplasm  (Pig.  AB,  merged  image). 

As  discussed  above,  TSPY  is  highly  expressed  in  testicular  germ  cell  tumors  (e.g. 
seminoma)  and  their  premalignant  precursors  (i.e.  CIS/ITGCNU).  To  explore  the  possibility  that 
ePPlA  is  also  expressed  at  elevated  levels  in  testicular  germ  cell  tumors,  five  cases  (SE#l-5)  of 
seminoma  and  three  cases  of  nonseminoma  samples  were  analyzed  by  immunofluorescence 
using  anti-TSPY  and  anti-eEFlA  antibodies.  In  all  cases,  eEPlA  and  TSPY  were  consistently 
expressed  in  the  same  tumor  cells  in  both  seminoma  and  nonseminoma  samples.  TSPY  was 
specifically  expressed  in  the  tumor  cells  of  both  CIS/ITGCNU  and  seminoma  in  the 
seminomatous  specimens,  and  those  of  CIS/ITGCNU  in  nonseminomas,  as  reported  previously 
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(Fig.  5A,  TSPY)  (1 1).  Similarly,  eEFl  A  was  highly  expressed  in  seminoma  and  CIS/ITGCNU 
areas  (Fig.  5A,  eEFl  A),  corresponding  to  those  positive  for  TSPY  (Fig.  55),  in  addition  to  a 
general  low-level  expression  elsewhere  within  these  testicular  germ  cell  tumors.  Under  high 
magnification,  we  observed  that  much  of  the  cytoplasmic  immunostaining  signals  of  both 
proteins  were  colocalized,  as  revealed  on  the  merged  image  (Fig.  5C).  Interestingly,  the 
premalignant  precursor,  CIS/ITGCNU,  showed  almost  identical  staining  patterns  for  both  eEFl  A 
and  TSPY,  compared  with  surrounding  TSPY -negative  cells  (Fig.  5D,  arrowheads,  and 
Supplemental  Figure  S2).  These  results  suggest  that  TSPY  and  eEFlA  are  expressed  and 
colocalized  in  the  same  tumor  cells  in  testicular  seminomas. 

TSPY  stimulated  synthesis  of  reporter  protein  in  HEK293  cells.  Because  eEFl  A  is  an 
important  component  of  the  cellular  translational  machinery,  by  interacting  with  eEFl  A,  TSPY 
could  affect  the  overall  protein  synthesis  in  the  cell.  To  examine  this  possibility,  we 
characterized  the  effect  of  ectopic  TSPY  expression  on  protein  synthesis,  in  terms  of  the  levels  of 
a  luciferase  reporter  activity  in  cultured  cells.  HEK293  cells  were  transiently  cotransfected  with 
either  the  pCS-TSPY  or  pCS-hEEFlAl  construct,  a  combination  thereof  (0-0.4  pg/well)  and 
pRE-TK  (5  ng/well)  in  quadruplicate.  The  inclusion  of  the  pRL-TK  plasmid  was  designed  to 
provide  low  to  moderate  levels  of  luciferase  expression  under  the  control  of  Herpes  simplex 
virus  thymidine  kinase  promoter.  Eorty-eight  hours  after  transfection,  the  cells  were  lysed  and 
analyzed  for  luciferase  activity.  When  pRE-TK  was  cotransfected  with  the  human  eEElAl 
expression  vector  pCS-hEEElAl,  the  transfected  cells  showed  greater  luciferase  activity  (Eig.  6, 
columns  6  and  7)  than  did  the  control  (Eig.  6,  column  1),  suggesting  that  increased  expression  of 
eEElA  enhanced  the  protein  synthesis  in  HEK293  cells.  To  evaluate  the  effect  of  TSPY  on 
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protein  synthesis,  pCS-TSPY  was  cotransfected  with  the  luciferase  reporter.  Our  results 
demonstrated  that  ectopic  expression  of  TSPY  stimulated  luciferase  activities  in  a  dose- 
dependent  manner  (Fig.  6,  columns  1-5)  that  was  presumably  proportional  to  the  indirect  effects 
of  TSPY  on  the  synthesis  of  this  reporter.  Significantly,  TSPY  could  further  enhance  the 
stimulation  of  eEFlAl  on  the  expression  of  luciferase  in  the  transfected  cells  (Fig.  6,  columns  8 
and  9).  These  observations  suggest  that  TSPY  could  enhance  protein  production  via  its 
interaction  with  eEFlAs,  components  of  the  protein  translational  machinery  in  the  cell. 

Discussion 

The  TSPY/SET/NAPl  family  members  harbor  a  conserved  SET/NAP  domain  but  serve  a 
variety  of  diverse  cellular  functions,  including  transcriptional  regulation,  cell  cycle  regulation, 
and  chromatin  assembly/remodeling  (17,  18,  21-23,  25).  Currently,  the  exact  mechanisms  by 
which  they  mediate  their  biological  functions  are  unknown.  Selected  members,  such  as  SET 
and  CINAP/TSPX,  are  localized  in  the  nucleus  and  serve  as  histone  chaperones  involved  in 
histone  storage  and  chromatin  assembly/remodeling  (18,  21,  23,  25),  and  as  coregulators  of 
steroid  hormone  receptor  functions,  and  modulation  of  gene  transcription  (45,  46).  The  Y- 
encoded  TSPY,  on  the  other  hand,  is  distributed  to  both  the  nucleus  and  cytoplasm,  suggesting 
that  it  could  serve  multiple  functions  in  both  cellular  compartments.  Indeed,  TSPY  has  been 
demonstrated  to  bind  core  histones  (38),  and  hence  could  potentially  serve  as  a  histone 
chaperone  in  the  above  mentioned  functions,  as  do  the  other  members  of  this  protein  family.  Its 
cytoplasmic  location,  however,  suggests  that  it  could  play  additional  and  undefined  roles  in  other 
cellular  functions. 
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In  the  present  study,  we  have  identified  eEFlA  as  a  binding  partner  for  TSPY.  eEFlAl 
and  the  highly  homologous  eEFlA2  are  important  components  of  the  translational  machinery 
and  postulated  oncogenes  in  various  human  cancers.  Our  results  clearly  demonstrate  that  TSPY 
interacts  with  eEFl  As  and  affects  their  protein  synthetic  functions.  The  elucidation  of  the 
atomic  structure  of  human  SET  functional  domain  (43)  has  greatly  enhanced  the  opportunity  to 
explore  the  structure-function  relation  between  the  interactions  of  TSPY  and  eEFl  A.  The  SET 
homodimer  forms  a  headphone-like  structure  consisting  of  the  N-terminus,  a  backbone  helix,  and 
an  earmuff  domain  (Supplemental  Figure  SI)  (43).  The  SET/NAP  domain  constitutes  the 
earmuff  structure,  critical  for  its  histone  chaperone  activity  (18,  43).  SET  and  NAPl  form 
homodimers  through  their  respective  helix-a2s  localized  on  their  N-terminal  regions  (18,  43). 
The  present  study  shows  that  TSPY  is  capable  of  forming  homodimers  at  its  N-terminal  region 
and  that  it  binds  eEFlA  at  domains  corresponding  to  helix-a3,  -a  4,  -a  5,  -a  7  and  -a8  of  SET, 
localized  at  the  bottom  of  the  earmuff  structure  (Supplemental  Figure  SI)  (43).  Therefore,  it  is 
conceivable  that  TSPY  could  form  a  headphone-like  homodimer  and  bind  two  eEFlA  molecules 
at  its  SET/NAP  domains.  Currently,  the  physiological  effects  of  such  binding  are  uncertain. 

EEFlA  genes  encode  essential  factors  in  translation  elongation  and  are  potential 
oncogenes.  Abnormally  high  expression  of  eEFlA  is  frequently  observed  in  various  human 
cancers  (i.e.,  ovarian  cancer,  breast  cancer,  and  lung  adenocarcinoma)  (30-33).  The  eEFlA 
proteins  are  critical  for  cell  survival.  In  mouse  neurons,  there  is  a  switch  from  eEFlAl  to 
eEFlA2  at  the  early  postnatal  stage  (39).  Deletion  of  the  eEFl  A2  promoter  results  in  the  wasted 
mouse  {wstiwst),  which  suffers  from  immunodeficiency  and  neurological  abnormalities  at  early 
postnatal  stages  and  which  usually  does  not  survive  beyond  30  days  of  age  (47).  Various  studies 
suggest  that  eEFlA  activities  are  closely  associated  with  cell  proliferation  and  cell  survival  (48). 
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Cell  proliferation  requires  adequate  protein  synthesis  to  fulfill  metabolic  and  growth 
requirements  (49).  Other  factors  within  the  protein  synthetic  machinery,  such  as  translation 
initiation  factor  eIF4E,  are  also  expressed  at  high  levels  in  numerous  cancer  types,  thereby 
promoting  tumorigenesis  through  enhancement  of  the  synthesis  of  essential  growth  factors  (50). 
The  present  study  shows  that  eEFlA  is  also  highly  expressed  in  both  premalignant  precursor 
(CIS/ITGCNU)  and  tumor  cells  of  human  testicular  seminoma  samples  (Fig.  5  and  Supplemental 
Figure  S2).  Significantly,  its  expression  is  closely  correlated  with  that  of  its  interactive  partner 
TSPY,  which  is  capable  of  modulating  its  protein  synthetic  functions  (Fig.  6),  suggesting  that 
eEFlAs  potentially  may  play  a  role  in  germ  cell  tumorigenesis. 

The  eEFlA  proteins  play  an  important  role  in  the  channeling  of  aa-tRNA  during  the 
protein  elongation  phase.  Following  the  GDP-to-GTP  exchange  by  eEFlB,  eEFlA  receives  an 
aa-tRNA  directly  or  indirectly  from  aa-tRNA  synthetase,  and  recruit  it  to  the  ribosomal  A-site 
(27,  41,  51).  It  was  suggested  that  eEFlB  binds  on  the  domain-II  of  eEFlA  prior  to  the 
recognition  site  of  domain-I,  and  sequentially  an  aa-tRNA  zips  in  the  eEF IB-binding  pocket  of 
domain-II  (51).  Since  the  TSPY  binding  region  of  eEFlA  locates  within  [residues  305-462]  that 
is  adjacent  to  the  eEFlBa/aa-tRNA  binding  region  (Fig.  2A),  it  is  expected  that  TSPY  may  affect 
on  the  channeling  function  of  eEFlA  by  modulating  the  interactions  between  eEFlA  and  its 
interactive  proteins  (i.e.  eEFlB  and  ribosomal  subunit).  In  addition  to  its  protein  synthetic 
function,  eEFlA  could  perform  other  vital  cellular  functions,  including  Akt  activation  and 
proteasome-mediated  protein  degradation  (52,  53).  By  interacting  with  eEFlA,  TSPY  could 
have  significant  effects  on  these  eEFlA-related  cellular  processes. 

Our  results  show  that  TSPY  and  eEFlA  is  colocalized  in  the  same  subcellular 
compartments  and  coimmunoprecipitated  from  transfected  mammalian  cells.  Immunostaining 
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analysis  showed  that  TSPY  and  eEFlA  were  coexpressed  and  colocalized  in  the  same  tumor 
germ  cells  in  human  seminoma  samples.  TSPY  enhanced  the  expression  of  a  reporter  in 
HEK293  cells  in  a  dose-dependent  manner.  These  observations  suggest  that  TSPY  may 
exacerbate  oncogenic  events  associated  with  eEFlA  oncogenic  actions,  thereby  promoting 
tumorigenesis.  Further  studies  of  the  interactions  between  TSPY  and  eEFlA  could  potentially 
result  in  significant  insights  into  the  role  of  eEFlA  in  the  functions  of  TSPY  in  normal 
physiology  and  in  tumorigenesis  of  testicular  germ  cell  tumors,  prostate  cancer,  and  other 
somatic  cancers,  such  as  melanoma  and  hepatocellular  carcinoma  (12,  13,  16). 
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Figure  Legends 
Figure  1. 

The  SET/NAP  domain  of  human  TSPY  and  eEFl  A1  interact  in  yeast.  A,  amino  acid  sequence 
alignment  of  SET/NAP  domains  of  human  TSPY/SET/NAPl  family  proteins  and  rat  Tspy 
(rTspy).  The  amino  acid  residues  highlighted  in  hlack  are  conserved,  and  those  regions  with 
conserved  chemical  properties  are  shown  in  grey.  The  regions  of  TSPY  used  in  GST  pulldown 
assays  are  indicated  by  gray  lines.  The  MacVector  Sequence  Analysis  Program  (MacVector 
Inc.)  was  used  for  generation  of  the  sequence  alignment.  B,  yeast  colonies  that  grew  on  plates 
lacking  tryptophan  and  leucine  (ATrp,  Eeu)  were  examined  for  growth  on  adenine-  and  histidine- 
deficient  plates  (AAde,  His,  Trp,  Eeu).  Growth  in  the  absence  of  leucine  indicates  the  presence 
of  pGADT7  or  pGADT7-eEElAl[305-C],  whereas  growth  in  the  absence  of  tryptophan 
indicates  the  presence  of  pGBKT7  containing  the  indicated  derivatives  of  TSPY/SET/NAPl 
family  proteins.  Interactions  between  proteins  are  shown  by  the  ability  to  activate  the  ade2  and 
his3  reporter  genes.  Abbreviations;  control,  pGBKT7  vector  alone;  TSPY,  pGBKT7-TSPY[151- 
308];  TSPY-Ll,  pGBKT7-TSPY-likel [full-length];  CINAP,  pGBKT7-CINAP[  198-338];  SET, 
pGBKT7-SET/TAF-Ip  [74-223];  rTspy,  pGBKT7-rat  Tspy[  185-334]. 

Figure  2. 

The  C-terminus  region  of  eEEl  A  interacts  with  the  SET/NAP  domains  of  TSPY  and 
CINAP/TSPX  in  vitro.  A,  domain  structure  of  the  full-length  eEFlA.  The  positions  of  amino 
acid  residues  were  derived  from  computer  alignment  with  yeast  eEFl  A  (GenPept  accession 
number;  NP_009676)  using  the  MacVector  program.  The  region  harbored  in  the  cloned 
pGADT7-cDNA  library  is  indicated  by  the  bold  bar  (amino  acid  residues  305-462  of  eEFlAl). 
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The  regions  corresponding  to  the  eEFlBa-,  GTP-,  and  aa-tRNA-binding  sites  of  yeast  eEFlA 
are  shaded  in  gray;  [residues  22-167]  and  [252-322],  respectively  (referred  to  Andersen  et  al. 
(51)).  B,  GST  alone  or  the  indicated  GST-fusion  proteins  immohilized  on  glutathione-agarose 
beads  were  incubated  with  S-labeled  eEFl  Al  [305-462] .  After  pulldown,  the  bound  proteins 
were  resolved  by  SDS-PAGE  and  detected  by  autoradiography.  The  C-terminus  region  of 
eEFl  A 1  [305-462]  bound  specifically  to  full-length  TSPY.  Input  lane  represented  8%  of  the 
peptides  used  for  the  pulldown  assay.  C,  GST  pulldown  was  performed  as  in  B  with  the 
indicated  GST-fusion  proteins  and  ^^S-labeled  eEFl  Al  [305-462]  or  eEFlA2[305-463].  The 
TSPY  regions  used  in  the  binding  assays  with  eEFl  A  are  illustrated  as  shown  at  the  bottom. 

Figure  3. 

TSPY  colocalized  and  interacted  with  eEFlA  in  mammalian  cells.  A,  COS7  cells  were 
transiently  cotransfected  with  TSPY  and  FLAG-tagged  eEFlAl  expression  vectors.  Cells  were 
examined  2  days  later  by  indirect  immunofluorescence  for  the  cellular  distribution  of  TSPY  and 
eEFlAl  using  anti-TSPY  and  anti-FFAG  antibodies.  B,  the  cellular  distribution  of  TSPY  and 
eEFlA2  in  COS7  cells  was  analyzed  as  in  A  with  anti-TSPY  and  anti-V5  antibodies.  TSPY  and 
eEFlA  were  well  colocalized  in  the  cytoplasm  of  transfected  cells,  resulting  in  a  yellowish  color 
in  the  merged  images.  Scale  bar=  25  pm.  C,  COS7  cells  were  cotransfected  with  the  indicated 
combinations  of  plasmids  (TSPY,  pCS2-TSPY;  FFAG-eEFlAl,  pFFAG-eEFlAl;  -,  appropriate 
empty  vector).  Fysates  were  collected  at  2  days  and  examined  by  Western  blot  for  expression  of 
TSPY  (input,  top)  and  FFAG-eEFlAl  (input,  bottom).  Immunoprecipitation  was  performed 
with  anti-FFAG  antibody  to  detect  an  interaction  between  TSPY  and  eEFl  AT  The  interacting 
proteins  were  analyzed  by  Western  blot  using  anti-TSPY  and  anti-FFAG  antibodies  (pulled 
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down).  TSPY  was  specifically  pulled  down  with  FLAG-tagged  cEFlAl  {lane  5).  D,  COS7  cells 
were  cotransfected  with  the  indicated  combinations  of  plasmids  (TSPY,  pCS2-TSPY ;  FLAG- 
TSPY[76-150],  pFLAG-TSPY[76-150];  appropriate  empty  vector).  Interaction  between  TSPY 
and  TSPY[76-150]  was  analyzed  by  immunoprecipitation  as  described  in  C.  Full-length  TSPY 
was  significantly  co-immunoprecipitated  with  FLAG-tagged  TSPY[76-150]  {lane  5,  arrow). 
Open  arrowhead  indicates  the  IgG  bands  originated  from  anti-FLAG  antibody  used  in 
immunoprecipitation. 

Figure  4. 

TSPY  is  coexpressed  with  eEFl  A  in  normal  testicular  germ  cells.  A,  a  representative 
example  of  the  immunofluorescence  of  TSPY  (green)  and  eEElA  (red)  in  normal  human  testis. 
The  merged  image  shows  the  signals  of  anti-TSPY  (green),  anti-eEFlA  (red),  and  DAPI  for 
DNA  staining  (blue)  altogether.  Peritubular  myoid  cells  (Pm)  were  stained  faintly  by  anti- 
eEElA  antibody.  B,  highly  magnified  images  of  the  boxed  area  in  A.  TSPY  and  eEFl  A  were 
well  colocalized  in  the  cytoplasm  of  spermatogonia  (Sg)  and  spermatocytes  (Sc)  (yellowish  color 
in  the  merged  images).  St  indicates  the  nucleus  of  a  Sertoli  cell.  C,  images  of  the  negative 
control  (without  primary  antibody).  Scale  bar=  200  pm  in  A  and  C. 

Figure  5. 

TSPY  is  coexpressed  with  eEFlA  in  human  germ  cell  tumor  cells.  A,  representative  example 
of  immunohistochemistry  of  TSPY  or  eEFl  A  in  human  seminoma  (Se)  and  CIS/ITGCNU  (Cl). 
Both  TSPY  and  eEFlA  were  detected  in  the  TSPY-positive  cells  of  the  seminoma  and 
CIS/ITGCNU.  The  control  image  presents  a  negative  control  using  nonimmunized  mouse  IgG 
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for  primary  antibody.  B  and  C,  images  of  immunofluorescence  of  TSPY  (green)  and  eEFl  A 
(red)  in  seminoma  (neighboring  area  of  box  b  in  panel  A)  at  low  magnification  and  high 
magnification,  respectively.  Merged  images  show  the  signals  of  anti-TSPY  (green),  anti-eEFlA 
(red),  and  DAPI  for  DNA  staining  (blue)  altogether.  D,  images  of  immunofluorescence  of  TSPY 
(green)  and  eEFl  A  (red)  in  CIS/ITGCNU  (neighboring  area  of  box  d  in  panel  A).  TSPY  and 
eEFlA  were  well  colocalized  in  the  cytoplasm  of  germ  cell  tumor  cells,  resulting  in  a  yellowish 
color  in  the  merged  image.  TSPY-positive  cells  of  CIS/ITGCNU  are  stained  stronger  by  anti- 
eEFlA  antibody  than  are  neighboring  TSPY -negative  cells  (arrowheads).  Scale  bar=  200  pm  in 
B  and  D. 

Figure  6. 

Stimulation  of  the  model  protein  synthesis  by  eEFlA  and  TSPY.  HEK293  cells  were 
cotransfected  with  pRE-TK  (5  ng/well)  in  the  presence  of  various  amounts  of  pCS-TSPY  and/or 
pCS-hEEFlAl  as  indicated  in  the  figure.  Total  DNA  was  adjusted  with  empty  vector  (pCS2- 
plus).  Euciferase  activities  were  measured  2  days  after  transfection.  The  indicated  relative 
activity  is  based  on  the  luciferase  activity  of  the  control  (0  pg/well  of  both  pCS-TSPY  and  pCS- 
hEEFl  Al).  The  data  represent  the  means  +  SE  of  four  individual  experiments.  Eower  panel 
shows  the  expression  level  of  TSPY  and  a-tubulin  as  an  internal  control. 
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Kido  T,  Figuer  6 
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